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Abstract 
This work extends on two quantitative methods for evaluating shock 
metamorphism to include clinopyroxene using X-ray diffraction (XRD). Clinopyroxene 
samples experimentally shocked to known shock pressures were studied with XRD. 
Lattice strain (ε) and strain-related mosaicity (SRM) were measured for each sample and 
plotted against their known shock pressures, creating a ε versus shock pressure calibration 
curve and an SRM versus shock pressure calibration curve. These calibration curves were 
applied to three meteorites: Nakhla, Zagami, and ALHA 77005. The SRM calibration 
curve gave peak shock pressures of 12±8 GPa for Nakhla, 44±8 GPa for Zagami, and 
68±8 GPa for ALHA 77005. The SRM calibration curve is inaccurate because high SRM 
values weren’t adequately sampled. The ε calibration curve gave peak shock pressures of 
8±12 GPa for Nakhla, 36±12 GPa for Zagami, and 90±12 GPa for ALHA 77005. The ε 
calibration curve is effective when sufficient amounts of data are used.  
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Summary for Lay Audience 
Impact cratering occurs everywhere in the solar system. It changes the affected 
rocks through shock metamorphism, which alters their mineralogy and textures. The peak 
shock pressure experienced by a rock during an impact event can be quantitatively 
determined by measuring properties of the individual minerals. We expand two of these 
methods to include the mineral clinopyroxene, by using in situ micro X-ray diffraction 
(µXRD) to measure lattice strain (ε) and strain-related mosaicity (SRM) in 
experimentally shocked clinopyroxene samples. These samples were shocked either by a 
light gas gun, vertical gun, or flat plate accelerator, depending on the source of the 
samples. Lattice strain is a measure of distortion in the crystal lattice due to strain. SRM 
is a measure of the misorientation of crystal subgrains due to strain. Both the measured ε 
and SRM from each sample were plotted against their experienced peak shock pressures 
to create an ε vs shock pressure calibration curve and an SRM vs shock pressure 
calibration curve. From these calibration curves, the shock pressure experienced by 
clinopyroxene in rocks can be determined. These calibration curves were applied to 
clinopyroxene-bearing martian meteorites, which have experienced impact events. These 
meteorites are Nakhla, Zagami, and ALHA 77005. The SRM calibration produced peak 
shock pressures of 12±8 GPa for Nakhla, 44±8 GPa for Zagami, and 68±8 GPa for 
ALHA 77005. Zagami’s calculated peak shock pressure is considerably higher than the 
29.2±0.6 GPa peak shock pressure value reported for it in the literature. It is thought that 
due to the variability of SRM leading to high SRM values not being adequately sampled, 
the slope of the SRM calibration curve is not as steep as it should be and is thus 
inaccurate. The ε calibration curve gave peak shock pressures of 8±12 GPa for Nakhla, 
36±12 GPa for Zagami, and 90±12 GPa for ALHA 77005. The ε calibration curve is 
found to be effective when sufficient amounts of data are used. This calibration curve will 
aid in the evaluation of shock metamorphism in both clinopyroxene-bearing meteorites 
and terrestrial impact rocks.  
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Chapter 1  
1 Introduction 
Impact cratering is a geologic process that affects all planetary bodies in the solar 
system. Hypervelocity impact events involve high pressures (in the order of GPa and 
higher) which occur over very short periods of time, within a few ms. These high 
pressures cause shock metamorphism, which alters the mineralogy and the texture of the 
rocks through a variety of shock effects, as described below .  
Rocks have experienced shock metamorphism on virtually any rocky body. Rocks 
at the Ries impact structure on Earth are brecciated and contain significant amounts of 
coesite, a high-pressure polymorph of quartz, while basaltic rocks brought back from the 
Moon during the Apollo missions contain feldspathic glass formed by shock, and Martian 
meteorites contain melt pockets created by shock (Shoemaker and Chao 1961; Pickersgill 
et al. 2015; Walton and Shaw 2009). It is therefore important to understand shock 
metamorphism because it is ubiquitous throughout the solar system. 
Shock metamorphism in meteorites is typically evaluated optically using Stöffler 
et al.’s (1991) shock stage system. This system sorts a meteorite into one of six shock 
stages based on the shock effects observed optically. Each shock stage is defined by the 
range of possible peak shock pressure values at which the observed shock effects may 
occur. This shock stage system has been updated several times since its inception, with 
the latest update being by Stöffler et al. (2018). This shock stage system has been key for 
evaluating shock metamorphism and classifying meteorites; however, it is limited to 
qualitative observations and cannot quantitatively measure the precise peak shock 
pressure a meteorite has experienced.  
Quantitative methods for evaluating shock metamorphism do exist. These 
methods measure quantifiable properties in selected minerals and match the measured 
values to either a shock stage or a peak shock pressure (e.g., Stöffler and Hornemann 
1972; Uchizono et al. 1999; McCausland et al. 2010; Izawa et al. 2011; Pickersgill et al. 
2015). This work focuses on two of these methods: Uchizono et al.’s (1999) lattice strain 
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method and Izawa et al.’s (2011) strain-related mosaicity method. Both methods use X-
Ray Diffraction (XRD) and focus on individual minerals. Uchizono et al. (1999) created 
a calibration curve that allows the shock pressure experienced by a grain of olivine to be 
calculated from its lattice strain. Lattice strain is determined using a Williamson-Hall 
plot, which relates properties of a crystal grain to properties of its diffraction pattern, as 
acquired by XRD (Williamson and Hall 1953). Izawa et al. (2011) created a plot that 
relates strain-related mosaicity (the misorientation of sub-grains due to non-uniform 
strain or bending) in enstatite to shock stage. Strain-related mosaicity affects the direction 
at which X-rays are diffracted and is thus quantified by measuring streaking along Debye 
rings in 2D XRD data (Fig. 1.1). Similar plots that relate strain-related mosaicity to shock 
stage have also been created for olivine and feldspar (McCausland et al. 2010; Pickersgill 
et al. 2015). 
Both the lattice strain and strain-related mosaicity methods have been tested for 
olivine on martian meteorites by Jenkins et al. (2019). They found that the methods 
worked quite well for the five martian meteorites tested, however the lattice strain 
method could not be tested on all the martian meteorite samples available. The lattice 
strain method is dependent on a calibration curve developed for the mineral olivine 
Fig. 1.1 General Area Diffraction Detector System (GADDS) images with diagrams depicting the 
lattice of the crystal and how X-rays may diffract. Diagrams after Flemming (2007) A) GADDS image 
from an unshocked, coarse grained, terrestrial augite sample. Diffraction data are shown as discrete 
spots, indicating that the sample is unshocked and coarse-grained. B) GADDS image from a shocked 
grain of clinopyroxene in the martian meteorite Zagami. Diffraction peaks are depicted as long steaks 
along Debye rings, indicating that it is shocked and coarse-grained. 
B A 
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(Uchizono et al. 1999) and could not be applied to meteorites that lack olivine, such as 
basaltic shergottites.  
The aim of this thesis is to expand both the lattice strain and strain-related 
mosaicity methods for application to the mineral clinopyroxene. Clinopyroxene was 
chosen as it is a mineral common in many meteorites, including those that lack olivine 
and enstatite, such as basaltic shergottites and lunar basalts. Both lattice strain and strain-
related mosaicity have been determined for clinopyroxene samples experimentally 
shocked to known peak shock pressures using in situ micro XRD (XRD). The lattice 
strain and strain-related mosaicity values for each clinopyroxene grain have been plotted 
against the known peak shock pressures they have experienced to create two calibration 
curves. These calibration curves have been applied to clinopyroxene-bearing martian 
meteorites to compare their results to the results obtained by other methods of evaluating 
shock metamorphism. 
1.1 Methods of Evaluating Shock Metamorphism 
There are several methods for evaluating shock metamorphism: the shock stage 
classification system, refractive index, the strain-related mosaicity (SRM) method, and 
the lattice strain method (Stöffler et al. 1991; Stöffler and Hornemann 1972; McCausland 
et al. 2010; Uchizono et al. 1999, respectively). The shock stage classification system is 
qualitative, relying on shock effects that may be observed optically. The other three 
methods are quantitative, using measurable properties of specific minerals that change 
with increasing shock pressure. 
1.1.1 Shock Stage Classification Systems 
The shock stage system was first conceived for terrestrial impactites by Stöffler 
(1965), where he proposed four facies to describe the relative level of shock a unit of 
rock had experienced. This shock stage system relied on the shock effects observed in 
quartz, biotite, hornblende, orthoclase and plagioclase feldspar. There had been also 
several other shock stage classification system proposals (Stöffler 1966; Chao 1968; 
Dence 1968; von Engelhardt and Stöffler 1968; James 1969; Short 1969), until a 
commonly used shock stage classification system for impactites was developed by 
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Stöffler (1971). Stöffler’s (1971) shock stage classification system sorts a rock into one 
of six shock stages based on shock effects observed in quartz and feldspar. Each shock 
stage is defined by a range of possible peak shock pressures at which the observed shock 
effects may occur . 
Stöffler et al. (1991) made another shock stage system for meteorites, specifically 
ordinary chondrites. It was developed because the terrestrial impactite shock stage system 
relied on minerals that are not commonly found in meteorites, like quartz. This shock 
stage classification system is composed of six shock stages based on whole rock shock 
effects (i.e. melt pockets) and shock effects observed in olivine and plagioclase, minerals 
commonly found in ordinary chondrites. Like the shock stage system for terrestrial 
impactites, a meteorite is sorted into one of the six shock stages based on the observed 
shock effects, with each shock stage defined by a range of possible peak shock pressures 
at which the observed shock effects may occur at. This shock stage system has been 
revised a few times since its conception to include more meteorite types (Scott et al. 
1992; Rubin et al. 1997; Stöffler et al. 2018) and to include temperature (Schmitt 2000). 
The most recent rendition of these shock stage systems is by Stöffler et al. (2018), 
who created a set of shock stage systems defined by both the observed shock effects and 
the rock type. In this set of shock stage classification systems, the rock type is defined 
first (regolith, ultramafic, sedimentary etc.) and then the shock stage system 
corresponding to the rock type is used to sort it into a shock stage based on the observed 
shock effects. Each shock stage is defined by the range of possible peak shock pressures 
at which the observed shock effects may occur. The final shock stage includes a 
combination of letters and numbers, where the letters denote the rock type and the 
numbers denote the shock stage (i.e. C-S4 for a chondritic meteorite with a shock stage of 
4, U-S2 for an ultramafic rock with a shock stage of 2; Table 1.1). This shock stage 
classification system is quite versatile because it is applicable to a wide variety of rock 
types, both terrestrial and extraterrestrial. 
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1.1.2 Refractive Index of Feldspathic Glass 
Feldspathic glass, also known as maskelynite, is glass with the same composition 
of plagioclase formed when plagioclase experiences shock pressures over 24-34 GPa and 
becomes amorphous (Stöffler et al. 2018). Stöffler and Hornemann (1972) experimentally 
shocked several different samples of plagioclase at different shock pressures and 
measured their refractive indices. They found that the refractive index of feldspathic glass 
depends on two factors: composition and shock pressure. The refractive index of 
feldspathic glass decreases with increasing shock pressure and increasing albite content. 
There have been several other shock experiments on plagioclase that match Stöffler and 
Hornemann’s (1972) results (Gibbons and Ahrens 1977; Ostertag 1983; Lambert and 
Greive 1985). If the composition of feldspathic glass is known, the peak shock pressure it 
has experienced can be determined by measuring its refractive index and using a 
calibration curve to calculate the peak shock pressure (Stöffler and Hornemann 1972; 
Gibbons and Ahrens 1977; Ostertag 1983; Lambert and Greive 1985).  
This method is quantitative and can give the precise peak shock pressure 
experienced by a rock that contains feldspathic glass. However, this method does have 
Table 1.1. Shock stage system for ultramafic rocks. Relies on the optical effects for the minerals 
olivine, pyroxene, and plagioclase. From Stöffler et al. (2018). 
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limitations in regard to rocks that have experienced multiple shock events. Lambert and 
Greive (1985) found that although the refractive index decreases with increasing shock 
pressure, a second shock event may cause an increase in refractive index, therefore 
making the calculation of the peak shock pressure experienced by the rock impossible. 
This method is best applied to rocks that have experienced only one shock event. 
1.1.3 Using X-Ray Diffraction to Evaluate Shock Metamorphism 
XRD is used to study crystal structure. This is done by shooting an X-ray beam at 
the crystalline target material. This beam is diffracted at certain angles by atoms 
associated with crystallographic lattices planes. The angle at which the X-Ray beam is 
diffracted is defined by the equation 𝑛𝜆 = 2𝑑𝑠𝑖𝑛𝜃 (Fig 1.2), where d is the perpendicular 
spacing between lattice planes, θ is the angle at which the X-ray is diffracted, n is a 
positive integer, and λ is the wavelength of the X-ray (Bragg and Bragg 1913). Different 
mineral structures will have different sets of lattice planes in different positions with 
different d-spacings. The 2θ angle at which the X-ray is diffracted will depend on the d-
spacings of the lattice planes diffracting it. The number of diffraction peaks in a diffration 
pattern will depend on crystal symmetry. The intensity of the diffraction peaks is 
dependent on elemental composition. This will lead to different X-ray diffraction patterns 
for different crystal structures. 
XRD data collected with an area detector can be displayed as a 2D diffraction 
image (Fig. 1.3). A 2D diffraction image shows not only the angle at which the X-ray is 
diffracted at (in the form of 2θ), but also the direction at which it is diffracted, which is 
defined as χ. 2θ gives information about the structure of the crystal lattice, while χ gives 
textural information regarding the crystal grains, such as grain size and whether it is 
strained or not (Flemming 2007). Both grain size and strain have an effect on the 
directions X-rays are diffracted (Fig. 1.1). A powdered sample with crystallites in random 
orientation  will diffract X-rays in all directions which would be depicted as a 
homogeneous ring along χ on a 2D diffraction image. A coarse-grained sample will 
diffract X-rays in only a few different directions which will be shown as a couple of spots 
on a 2D diffraction image. A strained, coarse-grained sample will diffract X-rays in and 
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orientationally-related set of directions (mosaic spread) which is shown as a streak on a 
2D diffraction image. 
2D diffraction images are usually converted into 1D diffraction patterns (Fig. 1.4). 
These 1D diffraction patterns are usually intensity versus 2θ plots that ignore χ for 
mineral identification purposes. Intensity versus χ plots can be made, however, as 
described below.  
Figure 1.2. Derivation of Bragg’s Law, where 2nλ is the 
extra distance that the X-ray penetrating the crystal lattice 
must travel to be in phase with the X-ray that is reflected by 
the top of the crystal. Sine Law dictates that 
sin 90°
𝑑
=
sin 𝜃
𝑛𝜆
, 
for each of two triangles, which can be rearranged to make 
𝑛𝜆=2𝑑 sin 𝜃. 
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- χ 
+ χ 
2θ 
Figure 1.3. General Area Detector Diffraction System (GADDS) image 
showing 2D diffraction data for a targeted spot on the martian meteorite SaU 
005/8. The 2θ and χ dimensions are indicated. 2θ represents the diffraction 
angle and χ represents the diffraction direction. Rings correspond to fine 
grained pigeonite, spots correspond to unshocked, coarse-grained calcite and 
dolomite, and streaks correspond to shocked , coarse-grained olivine. The 
GADDS image corresponds to the *.raw file SaU008_03.raw 
Streak 
Spots 
Ring 
Figure 1.4. Intensity versus 2θ for a targeted spot on the martian meteorite SaU 005/8. 
Diffraction peaks match ICDD cards for pigeonite, forsterite-fayalite, magnesium calcite, 
and dolomite. Corresponding GADDS image also shown. Corresponds to the *.raw file 
SaU_008_3.raw. 
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1.1.3.1 Strain-Related Mosaicity 
Strain-related mosaicity (SRM) is the misorientation of subgrains less than 5-15 
µm in size due to non-uniform strain. Optically, SRM is observed as undulatory and/or 
mosaic (patchy) extinction. In in situ micro XRD data, this is observed as streaking along 
Debye rings, in the χ direction (Fig. 1.3). This is distinctly different from polycrystalline 
material which appears as rings and unstrained material which appears discrete 
diffraction spots in GADDS images (Fig. 1.3). Uniform strain changes the d-spacings of 
the crystal lattice and would simply appear as discrete diffraction spots with their 2θ 
values shifted in XRD diffraction patterns (Zak et al. 2011). Flemming (2007) found that 
the streaking along Debye rings could be measured to quantify SRM. Diffraction patterns 
from XRD data are usually displayed as intensity versus 2θ plots (Fig. 1.4) which relate 
diffraction angle (θ) to peak intensity. They can  also be displayed as intensity versus χ 
plots (Fig. 1.5), which relate the direction the X-ray is diffracted (χ) to peak intensity. A 
single diffraction peak can be isolated and made into an intensity versus χ plot whose 
peak width can be directly related to SRM. This peak width can be measured with a 
parameter known as Full-Width Half-Maximum (FWHMχ), which is the width of the 
diffraction peak at half its maximum intensity. As SRM increases, so does FWHMχ.  
Figure 1.5. Intensity versus χ plot for a grain of pyroxene in the martian meteorite Zagami. This particular 
diffraction peak has a FWHMχ of 5.18°. The diffraction peak shows some asymmetry which is common in 
diffraction patterns from strained materials. This target is referred to as Zagami target 28 throughout the 
text and corresponds to the *.raw file of Jenkins_zagamipx2_01.raw. 
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Izawa et al. (2011) developed a plot that compared measured FWHMχ for 
enstatite from enstatite chondrites with known shock stages, as classified by Stöffler et 
al.’s (1991) shock stage system as modified by Rubin et al. (1997) for enstatite 
chondrites. A shock stage for a shocked rock can be quantitatively determined by 
measuring FWHMχ for its enstatite grains and comparing the values to Izawa et al.’s 
(2011) plot. McCausland et al. (2010) also developed a similar plot for olivine by 
measuring FWHMχ in several olivine grains in ordinary chondrites and plotting the 
FWHMχ measurements against their known shock stages, as determined with Stöffler et 
al.’s (1991) shock stage system. Pickersgill et al. (2015) made a similar plot for 
plagioclase feldspar, where they measured FWHMχ in several grains of plagioclase 
feldspar in both samples from terrestrial impact craters and lunar samples brought back 
from the Apollo missions. She plotted FWHMχ against her own set of shock stages, as 
modified from Stöffler’s (1971) shock stage classification system for impactites. All three 
of these plots can be used to quantitatively determine shock stage.  
Jenkins et al. (2019) applied this SRM method to five martian meteorites to 
determine their shock stages, using the mineral olivine and McCausland et al.’s (2010) 
plot. It was found that the results correlated quite well with other methods of evaluating 
shock metamorphism, however that method had a few limitations. One limitation was 
that it could not be applied to all the meteorites available, as not all meteorites contain 
olivine, enstatite, and/or crystalline plagioclase. A sample of Zagami was available, but 
its major constituents were clinopyroxene (augite and pigeonite) and feldspathic glass. 
This method could not be applied to it. Another limitation was that although this method 
is a quantitative way of determining shock stage, it cannot give the precise peak shock 
pressure experienced by the meteorite. It can only sort the meteorite into binned shock 
stages. 
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1.1.3.2 Lattice Strain 
Lattice strain is distortion within the crystal lattice due to strain. This is seen in 
XRD data as broadening of diffraction peaks in the 2θ direction. Lattice strain is not the 
only factor that affects peak broadening, however. Crystal size, X-ray line shape, and 
diffraction angle also affect peak broadening. Williamson and Hall (1953) described the 
relationship between all these factors and peak broadening with the equation 𝛽ℎ𝑘𝑙 =
𝜆
𝐿
𝑐𝑜𝑠𝜃ℎ𝑘𝑙 + 4𝜀𝑡𝑎𝑛𝜃ℎ𝑘𝑙 + 𝛽𝑜, where β is the integral breadth of each individual 
diffraction peak (width of a rectangle with the same height and area as the diffraction 
peak), λ is the X-ray wavelength, L is the crystal size, ε is lattice strain, and βo is a 
constant related to crystal size. When crystal size is at least 1 µm, the term 
𝜆
𝐿
𝑐𝑜𝑠𝜃ℎ𝑘𝑙 
becomes negligible and the equation becomes 𝛽ℎ𝑘𝑙 = 4𝜀𝑡𝑎𝑛𝜃ℎ𝑘𝑙 + 𝛽𝑜 (Wilson 1962). 
This relationship can be plotted in a β versus tanθ plot known as a Williamson-Hall plot 
(Fig. 1.6). The lattice strain of a crystal grain can be calculated from the slope of a 
Williamson-Hall plot.  
Shock metamorphism increases the lattice strain within a crystal grain. Uchizono 
et al. (1999) used this relationship to develop a calibration curve that allowed the shock 
y = 0.3084x + 0.2523
R² = 0.9323
0
0.1
0.2
0.3
0.4
0.5
0.6
0 0.2 0.4 0.6 0.8 1 1.2
β
tanθ
Figure 1.6.  A typical Williamson-Hall plot for a grain of augite. This plot 
corresponds to a lattice strain value of 0.077%. The plot is for the target referred to as 
spall 3 in the sample A7.  
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pressure experienced by olivine to be calculated from its measured lattice strain. The 
trend line of this calibration curve has the equation 𝑃 =
𝜀−0.0337
0.0034
. Using this equation 
developed by Uchizono et al. (1999), the shock pressure experienced by a grain of olivine 
can be calculated from its lattice strain value (ε), as measured with XRD. 
Jenkins et al. (2019) applied Uchizono et al.’s (1999) calibration curve to olivine 
in five martian meteorites to determine the precise peak shock pressure experienced by 
each martian meteorite. They found that the calculated peak shock pressures were 
consistent with those found by other methods of evaluating shock metamorphism and that 
the results were very precise (no higher than ±3.1 GPa). The method, however, could 
only be applied to meteorites with sufficient amounts of olivine and could not be applied 
to all the meteorites available, such as Zagami. 
1.2 Shock Metamorphism in Clinopyroxene 
Clinopyroxene is a common constituent in many meteorites. Nakhlites, 
shergottites, martian basaltic breccia, angrites, brachinites, and some lunar meteorites, 
contain clinopyroxene in some form. Many of these meteorites have experienced some 
level of shock metamorphism, whether it is from being ejected from their parent body by 
a hypervelocity impact event or from the meteorite being struck by another meteoroid 
during its journey to Earth. Clinopyroxene is one of the many minerals that record these 
shock events through various shock effects. These shock effects include mechanical 
twinning, high-pressure phases, melting, undulatory and mosaic extinction, planar 
fractures, and planar deformation features (PDFs) (Stöffler et al. 2018; Müller 1993). 
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Figure 1.7. Photomicrograph of shocked augite in the 
martian meteorite, Nakhla. The augite is showing shock 
induced exsolution textures. The lamellae are composed 
of pigeonite. Photomicrograph taken in cross-polarized 
light. 
Shock induced exsolution features in clinopyroxene appear very similar to 
twinning, but with alternating lamellae having differing composition (Fig. 1.7). During a 
shock event, clinopyroxene of uniform composition may exsolve into two pyroxenes of 
differing composition. This is due to the heat from the impact event promoting diffusion 
within the clinopyroxene (Leroux et al. 2016). Exsolution features in clinopyroxene start 
appearing at about 5 GPa of shock pressure and will cease to appear when the 
clinopyroxene starts to melt at about 70 GPa (Stöffler et al. 2018).  
Shock can create mechanical twins within clinopyroxene. These mechanical twins 
appear as regularly occurring polysynthetic twins, however the crystal grain is uniform in 
composition (Müller 1993). 
 Shock metamorphism causes strain within the crystal lattice, which causes 
minerals to display different kinds of extinction at different shock pressures. When 
observed with a petrographic microscope under cross-polarized light, unstrained minerals 
experience straight extinction, where a crystal grain goes extinct all at once (Fig. 1.8A). 
When a mineral begins to experience non-uniform strain, its crystal lattice starts to 
become bent (Flemming 2007). This is seen as undulatory extinction under a polarizing 
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microscope. Undulatory extinction occurs when the crystal grain goes extinct in discrete 
sections (subgrains) in one direction in a manner akin to a wave (Fig. 1.8B). With higher 
levels of strain, subgrains within the crystal grain may become misoriented in two or 
more directions (Flemming 2007). Under a polarizing microscope, this is displayed as 
mosaic extinction. Mosaic extinction occurs when the crystal grain goes extinct in 
discrete sections or patches (Fig. 1.8C). Pyroxene begins to display undulatory extinction 
at around 5 GPa of shock pressure, however, is accompanied by straight extinction until 
10 GPa of shock pressure. Undulatory extinction will cease to occur in pyroxene at about 
30 GPa of shock pressure, at which point it will display only mosaic extinction. Mosaic 
extinction may begin to occur at 20 GPa and will only cease to occur when the pyroxene 
melts at about 70 GPa (Stöffler et al. 2018).  
PDFs are narrow layers of glass within a crystal that repeatedly occur along 
certain lattice planes and are not widely spaced (Grieve et al. 1990). They are known to 
be indicators of shock metamorphism in quartz (Carter 1965). They do occur in several 
other minerals, including pyroxene however (Stöffler et al. 2018). PDFs begin to occur in 
pyroxene at about 30 GPa and will continue to occur until about 70 GPa, when pyroxene 
melts (Stöffler et al. 2018).  
Shock metamorphism involves the rock experiencing high pressures (5-100+ 
GPa) over a short period of time. If the shock pressure is high enough, the shock event 
can cause mineral phases to rapidly transform into their high-pressure polymorphs. The 
occurrence and preservation of these high-pressure polymorphs is uncommon however, 
as the rock will only experience these high shock pressures for a short period of time; 
these high-pressure polymorphs often transform back into the low-pressure polymorphs 
after the shock event ends (Fritz et al. 2017). Other shock effects are likely to still remain 
observable (i.e. crystal defects, oxidation) and are unlikely to disappear when the shock 
event ends. Clinopyroxene has various high-pressure polymorphs, which include silicate 
perovskite, majorite and pyrope garnet, and akimotoite (El Goresey et al. 2013; Chen & 
Xie 2015). If they do occur, these high-pressure phases may begin to appear at about 25 
GPa (Stöffler et al. 2018). These phases, if present, would be detectable by XRD, 
however, clinopyroxene was the focus of this thesis. 
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A 
B 
C 
Figure 1.8. Diagram depicting various different types of extinction that 
occur when a mineral is viewed and rotated using a petrographic 
microscope in cross-polarized light. A) Straight extinction. The mineral 
is unstrained and goes extinct all at once. B) Undulatory extinction. The 
mineral is strained in one direction, going extinct in a wave-like pattern) 
Mosaic extinction. The mineral has experienced a high amount of strain 
and its subgrains are misoriented in two or more directions. The mineral 
goes extinct in a patchy pattern. 
 Pyroxene experiences a variety of qualitative shock effects and occurs in many 
types of rocks. In Stöffler et al.’s (2018) shock stage classification system, clinopyroxene 
can be used to classify the shock stage of five different types of rocks: mafic, 
anorthositic, ultramafic, chondritic, and regolith. It is a significant component of many 
types of meteorites and it is therefore important to develop a quantitative method of 
evaluating the level of shock metamorphism it has experienced. 
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Figure 2.1. Photomicrographs of EXP2 1 (A) and EXP2 2 (B) taken in cross-polarized light. 
Both grains show mosaic extinction. EXP2 2 shows exsolution features. 
500 µm 500 µm 
A B 
Chapter 2  
2 Samples and Methods 
2.1 Experimentally Shocked Samples 
Four sets of artificially shocked clinopyroxene samples were obtained from 
various sources, as described below. These samples have been artificially shocked to a 
variety of peak shock pressures using either a light gas gun (LGG), vertical gun (VG), or 
a flat-plate accelerator (FPA). These sets of samples are hereby referred to as EXP2, 
HEXP6, A0-A7, and B0-B3. 
2.1.1 EXP2 and HEXP6 
 EXP2 consists of two grains of augite that were obtained as a thin section from 
Dr. Anne Peslier and Dr. Roy Christoffersen at National Aeronautics and Space 
Administration (NASA) Johnson Space Centre (JSC). Dr. Anne Peslier had previously 
performed a shock experiment on EXP2. Sample EXP2 was shocked up to a maximum 
peak shock pressure of 20 GPa (EXP2 could have experienced shock pressures lower 
than 20 GPa) by VG at the Experimental Impact Laboratory (EIL) of the NASA JSC. A 
VG is an LGG that fires a projectile from various angles that can be controlled to 
simulate different kinds of impact events (i.e. oblique impact versus vertical) (Crawford 
and Schultz 1991). The grains in EXP2 are about 500 µm in length (Fig. 2.1). Both grains 
show mosaic extinction. One of the grains shows exsolution features (Fig. 2.1B). 
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 HEXP6 contains four grains of augite that were obtained as an epoxy puck from 
Dr. Anne Peslier and Dr. Roy Christoffersen. Dr. Anne Peslier performed shock 
experiments on HEXP6. They were shocked to a peak shock pressure of 40 GPa by an 
FPA at the EIL at NASA-JSC. An FPA is a device where an explosive causes a 
cylindrical projectile (referred to as a flyer plate) to slam into the target material at high 
speeds within the sample chamber, simulating the high peak shock pressures experienced 
during an impact event (Kohout et al. 2012). One grain in HEXP6 (HEXP6 1v) is about 
1200 µm in length, whereas the three other grains in HEXP6 (HEXP6 2, HEXP6 3, 
HEXP6 4) were less than 150 µm in size (Fig. 2.2).  
A B 
C D 
Figure 2.2: Artificially shocked clinopyroxene grains in HEXP6 in an epoxy puck. Images taken by the 
camera on the in situ micro X-ray diffractometer. A) HEXP6 1v. B) HEXP6 2. C) HEXP6 3. D) HEXP6 
4.  
250 μm 
250 μm 
250 μm 250 μm 
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2.1.2 A0-A7 
 Samples A0-A7 are augite rock samples from Harcourt County, Ontario obtained 
from Darryl MacFarlane at Grenville Minerals in Kingston, Ontario. They range from 8 
to 64 cm3 in size. They were sent to Dr. Kathryn Harriss and Dr. Mark Burchell at the 
University of Kent, who shocked them at the Hypervelocity Impact Facility there. These 
samples underwent no processing before being shocked. These samples were shocked 
with 1.5 mm spherical aluminum projectiles fired by the two-stage LGG. In an LGG, a 
light gas (i.e. helium) is rapidly compressed by a piston. The piston compressing the light 
gas is then released and the expansion of the light gas fires the projectile at high speeds 
(Burchell et al. 1999). A summary of the samples and the peak shock pressures they were 
shocked to can be seen in Table 2.1. These peak shock pressures were calculated using 
the Planar Impact Approximation equation (Melosh 1989). More details on the Planar 
Impact Approximation equation can be found below, in section 2.1.2.1. The peak shock 
pressures are approximate. The surfaces impacted by the projectiles are not completely 
flat. Sample A0 was not shocked and served as an unshocked standard. Samples A1 and 
A2 have identifiable impact craters, while samples A3-A7 were too destroyed to identify 
an impact crater (Fig. 2.3C-G).  
Sample Projectile Speed (km/s) Peak Shock Pressure (GPa) 
A0 N/A 0 
A1 0.856 8 
A2 2.10 22 
A3 2.82 31 
A4 4.04 49 
A5 4.98 66 
A6 6.37 91 
A7 6.84 101 
Table 2.1. Speeds at which aluminum projectiles shocked samples A0-A7 
and corresponding peak shock pressures. 
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Figure 2.3. Samples shocked by LGG. Photos were taken by Dr. Kathryn Harriss at the 
University of Kent. Scales are given in centimeters. A) Sample A1 shocked to 8 GPa. B) 
Sample A2 shocked to 22 GPa. C) Sample A3 shocked to 31 GPa. D) Sample A4 shocked to 
49 GPa. E) Sample A5 shocked to 66 GPa. F) Sample A6 shocked to 91 GPa. G) Sample A7 
shocked to 101 GPa. 
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2.1.2.1 The Planar Impact Approximation Equation 
 The Planar Impact Approximation equation is an equation that can be used to 
estimate the peak shock pressure experienced by a planar surface at the point of impact 
during an impact event. The Planar Impact Equation is 𝑃 = 𝜌0𝑡𝑢𝑡(𝑐𝑡 + 𝑆𝑡𝑢𝑡), where P is 
the peak shock pressure in GPa, ρ0t is the density of the target sample in Mg/m3, ut is the 
particle velocity of the target sample in km/s, ct (given in km/s) is the speed of sound 
within the target, and St  is the slope of the target’s Hugoniot curve (Melosh 1989). This 
equation is derived from the Hugoniot equation 𝑃 = 𝜌𝑜𝑡𝑢𝑡𝑈𝑡, where Ut is the shock 
velocity within the sample and is equal to 𝑐𝑡 + 𝑆𝑡𝑢𝑡 (Melosh 1989). For samples A1-A7, 
the variables ρ0t, ct, and St are known for the target sample. The density (ρop) of the 
aluminum projectile as well as the speed of sound within the projectile (cp), and the slope 
of its Hugoniot curve (Sp), are also known. These parameters are shown in Table 2.2. The 
only parameter not initially known is µt, however it can be calculated from known 
parameters, such as the velocity of the projectile (vi), with the following equation derived 
from Melosh (1989): 
𝑢𝑡 = (−𝜌𝑜𝑡𝐶𝑡 − 𝜌𝑜𝑝𝐶𝑝 − 2𝜌𝑜𝑝𝑆𝑝𝑣𝑖 + ((𝜌𝑜𝑡𝐶𝑡 + 𝜌𝑜𝑝𝐶𝑝 + 2𝜌𝑜𝑝𝑆𝑝𝑣𝑖)
2
− 4(𝜌𝑜𝑡𝑆𝑡 −
𝜌𝑜𝑝𝑆𝑝)(−𝜌𝑜𝑝𝑣𝑖(𝐶𝑝 + 𝑆𝑝𝑣𝑖))
0.5) ÷ (2𝜌𝑜𝑡𝑆𝑡 − 2𝜌𝑜𝑝𝑆𝑝)  
 Aluminum Projectile Augite target (Samples A1-A7) 
Density (ρ) (Mg/m3) 2.750 3.435 
Speed of Sound (km/s) 5.300 6.250 
Slope of Hugoniot Curve 1.37 0.85 
Table 2.2. Parameters used to calculate the peak shock pressures experienced by 
samples A0-A7 using the Planar Impact Equation. Parameters were supplied by Dr. 
Kathryn Harriss at the University of Kent. 
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2.1.3 B0-B3 
 Samples B0-B3 are polished gabbro thin sections (Fig. 2.4) obtained from Dr. 
Jörg Fritz at the Saalbau Weltraum Projekt and Dr. Cornelia Meyer at the 
Horizontereignis gUG. These samples were originally from the Bushveld Igneous 
Complex (BIC). The samples are 66% plagioclase (labradorite), 27% pyroxene (mostly 
enstatite with some diopside), and 7% olivine of intermediate composition (Meyer et al. 
2011). These samples were artificially shocked at various pre-shock temperatures and 
peak shock pressures using FPA by Meyer et al. (2011). The temperature was controlled 
for samples B1a-B3 were controlled by surrounding the sample container with dry ice 
until its contents had cooled to the desired temperature. The shock pressures and pre-
shock temperatures used are summarized in Table 2.3. B0 is an unshocked thin section 
representative of the BIC gabbro in samples B1-B3.  
Sample Peak Shock Pressure (GPa) Pre-Shock Temperature (°K) 
B0 0 N/A 
B1a 30 233 
B1b 30 293 
B2 40 293 
B3 50 293 
Both pyroxene and olivine are anhedral, making differentiation between the two 
difficult. The plagioclase is also anhedral. Some grains of plagioclase show albite 
twinning, while some show no twinning at all. Grains of plagioclase, pyroxene, and 
olivine are about the same size. Grain sizes are highly variable however and range from 
300 µm to about 2 mm in size (Fig. 2.5A). Plagioclase in samples B1a and B1b is 
partially isotropic. In both samples B1a and B1b, olivine is beginning to show planar 
Table 2.3. Peak shock pressures and temperatures at which 
samples B0-B3 were shocked. 
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fractures (Fig. 2.5B and Fig. 2.5C, respectively). Sample B1b contains very little 
clinopyroxene and some orthopyroxene. Sample B1b shows some melt pockets as 
exhibited by anhedral, opaque areas (Fig. 2.5C). Sample B1a contains very little 
orthopyroxene and no clinopyroxene.  In sample B2, the plagioclase has been 
transformed to feldspathic glass and is completely isotropic. No pyroxene was observable 
in sample B2, however there is a single grain of olivine (Fig. 2.5D). Plagioclase has also 
been completely transformed into feldspathic glass in sample B3. Olivine in sample B3 
has darkened, appearing brown -green in plane polarized light (PPL) when observed 
under a petrographic microscope. Pyroxene in B3 shows exsolution features and planar 
fractures (Fig. 2.5E and Fig. 2.5F). 
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Figure 2.4. Composite images of thin sections of samples B0-B3 taken with the camera on the 
µXRD. A) Image of sample B1a thin section. B) Image of B1b thin section. C) Image of B2 
thin. D) Image of B3 thin section. E) Image of B0 thin section. 
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A B 
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Figure 2.5. Photomicrographs of samples B0-B3. A) Photomicrograph of sample B0 taken in cross-
polarized light (xpl), showing olivine (Ol), pyroxene (Px), and plagioclase (Pl). The Pl shows albite 
twinning. B) Photomicrograph of sample B1a taken in xpl showing Ol and Pl. The Pl is partially 
amorphous. Photomicrograph of B1b taken in ppl showing Pl, Ol, and a melt pocket (melt). The Pl is 
partially amorphous. D) Photomicrograph of B2 taken in xpl showing Ol and Pl. The Pl is completely 
amorphous. E) Photomicrograph of sample B3 taken in ppl showing Ol, Px, and Pl. The Pl is 
completely amorphous and the Ol shows darkening. F) Photomicrograph of B3 taken in xpl showing 
Ol, Pl, and Px. The Px show exsolution and planar fractures. 
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2.2 Martian Meteorite Samples 
 Once created, the calibration curves were applied to three martian meteorites 
(Nakhla, Zagami, and ALH 77005)  to compare their results to each other, to their shock 
stages as determined by Stöffler et al.’s (2018) shock stage system, and to other 
evaluations of the shock metamorphism they have experienced that were found in the 
literature. The methods used to create the calibration curves are described in section 2.3. 
2.2.1 Nakhla 
 A thin section of the meteorite Nakhla (thin section USNM 426-2) was obtained 
from the Smithsonian Institute. Nakhla is a clinopyroxenite mainly composed of augite 
with phenocrysts of olivine (Fig. 2.6), making it ultramafic in lithology. It also contains 
minor amounts of crystalline plagioclase and magnetite (Mikouchi et al. 2000). The 
grains of olivine are surrounded by an assemblage of weathering materials known as 
iddingsite, as a result of hydrothermal metamorphism it experienced on Mars (Gooding et 
al. 1991). The augite within Nakhla shows shock-induced exsolution (Fig. 2.6D). The 
augite and olivine phenocrysts in Nakhla show undulatory to mosaic extinction. These 
shock effects put it at the shock stage U-S4, meaning it has experienced 14-28 GPa of 
peak shock pressure (Stöffler et al. 2018). 
 Jenkins et al. (2019) applied Uchizono et al.’s (1999) calibration curve to the 
olivine phenocrysts within Nakhla. They found that the lattice strain values within the 
olivine in Nakhla corresponded to a peak shock pressure of 18.0±0.6 GPa. This is 
consistent with its shock stage.  
2.2.2 Zagami 
 A thin section of the meteorite Zagami (thin section UNM 992) was obtained 
from the Smithsonian Institute. Zagami is a coarse-grained gabbro made up of laths of 
pigeonite and augite, as well as feldspathic glass, making it also mafic in lithology (Fig. 
2.7). It also contains minor amounts of whitlockite, titanomagnetite, ilmenite, and 
pyrrhotite (McCoy et al. 1992). Melt veins and pockets are also present (Fig. 2.7). Both 
the pigeonite and augite laths within Zagami show exsolution features as well as mosaic  
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Figure 2.6. Images of Nakhla thin section.. A) Photomicrograph of olivine in Nakhla taken in ppl. 
Olivine (Ol) and plagioclase (Pl) are labelled. The Ol is rather large and is surrounded by cumulate 
clinopyroxene. Orange iddingsite is seen in cracks within and surrounding the Ol. The Pl is interstitial. 
B) Photomicrograph of Ol in Nakhla taken in xpl. Ol and Pl are labelled. C) Photomicrograph of 
clinopyroxene in Nakhla taken in ppl. A grain of Ol is also present and is labelled. D) Photomicrograph 
of clinopyroxene in Nakhla taken in xpl. The clinopyroxene is showing exsolution features. Ol is 
labelled. E) Photograph of the thin section of Nakhla studied. 
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A B 
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E 
Figure 2.7. Images of Zagami thin section. A) Photomicrograph of melt pocket of unknown 
composition (melt), with plagioclase (Pl) and clinopyroxene (Px) in Zagami taken in ppl.  The Pl is 
completely amorphous. B) Photomicrograph of melt pocket  with Px and Pl in Zagami taken in xpl. 
C) Photomicrograph of Px in Zagami with Pl and a dark melt vein running taken in ppl. Pl is 
completely amorphous and Px shows exsolution features. D) Photomicrograph of Px, a melt vein, 
and Pl in Zagami taken in xpl. E) Composite photo of Zagami thin section taken with the camera on 
the µXRD. 
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extinction (Fig. 2.7D). This puts it in the shock stage M-S4, meaning it has experienced 
28-45 GPa of peak shock pressure (Stöffler et al. 2018).  
 Using the refractive index of feldspathic glass within Zagami, Fritz et al. (2005) 
have determined that Zagami had experienced a peak shock pressure of 29.2±0.6 GPa. 
This is consistent with its shock stage. 
2.2.3 ALHA 77005 
 A rock sample of the meteorite ALHA 77005 was obtained from the ANSMET 
meteorite working group. ALHA 77005 is a poikilitic wehrlite composed of augite, 
pigeonite, and olivine, making it ultramafic in lithology (Fig. 2.8). It also contains minor 
amounts of feldspathic glass and chromite (Jagoutz 1987). Olivine shows darkening due 
to shock and in some cases shows partial melting, with minor amounts of olivine which 
has recrystallized after the shock event (Nyquist et al. 2001; Jagoutz 1987; Jagoutz et al. 
1989). The feldspathic glass also shows signs of partial melting and contains vesicles, 
with minor amounts of plagioclase recrystallizing after melting (Jagoutz et al. 1989). 
These shock effects classify ALHA 77005 into shock stage U-S6, meaning it has 
experienced 50-70 GPa of peak shock pressure (Stöffler et al. 2018).  
Using the refractive index of feldspathic glass within ALHA 77005, Fritz et al. 
(2005) have determined that ALHA 77005 had experienced a peak shock pressure of 
44.2±1.8 GPa. This is inconsistent with its shock stage, however the feldspathic glass 
within ALHA 77005 has shown partial melting, which may affect its refractive index, 
making these results unreliable. The refractive index method may not be applicable at 
high peak shock pressures due to the partial melting of maskelynite. 
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2.3 Methods 
2.3.1 Wavelength Dispersive X-ray Spectroscopy 
The composition of samples A0-A7 was determined before being sent to the 
University of Kent to be artificially shocked. This was done using JEOL JXA-8530F 
microprobe at the University of Western Ontario with a wavelength dispersive 
spectrometer. A small piece of augite was encased in an epoxy puck and carbon-coated 
beforehand. Fifteen data points were collected.  
2.3.2 Energy-Dispersive X-ray Spectroscopy 
 Sufficient amounts of clinopyroxene could not be confirmed in samples B1a and 
B1b using µXRD. These samples were analyzed using a JEOL JCM-6000 NeoScope 
scanning electron microscope (SEM) with a JEOL JED-2300 Energy-Dispersive X-ray 
analyzer. These compositional data were used to find grains of clinopyroxene. Pyroxene 
Figure 2.8. Composite image of ALHA 77005 sitting in aluminum foil. Dark grey grains are mainly 
composed of olivine and chromite, while white to light green/brown grains are a mixture of augite, 
pigeonite, and olivine. The area in the yellow box is magnified. 
6 mm 
500 µm 
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grains were identified based on very high abundances of oxygen and high abundances of 
both silicon and iron. Clinopyroxene grains were identified based on being pyroxene 
grains with high abundances of calcium. 
2.3.3 X-ray Diffraction 
2.3.3.1 Data Collection 
Both lattice strain and strain-related mosaicity were determined using X-ray 
Diffraction (XRD). All samples were studied in situ using a Bruker D8 Discover micro 
X-ray diffractometer (µXRD), as seen in Fig. 2.9. The source is Co kα (λ of Co kα1, 
=1.7889 Å) and operates at 35 kV and 45 mA. A 60 mm Co Göbel mirror parallel optics 
system with a 300 µm pinhole collimator monochromates the X-rays. The X-rays are 
reflected towards the targeted area by Göbel mirror such that they are parallel and Co kβ 
is removed. The µXRD has θ-θ geometry, where the source and the detector rotate 
independently. This allows the sample to remain stationary during data collection. The 
sample sits on a movable XYZ stage, which allows multiple spots on the sample to be 
targeted in a single run of data collection. The XYZ stage has an analyses area of 10 cm 
in each direction and has an XYZ coordinate system based on this range of movement. 
Spots on each sample were targeted using the XYZ stage and a microscope and laser 
system. The nominal X-ray has a beam diameter of 300 µm but the length of the beam 
varies with the angle between the source and the detector (θ1). This beam length typically 
ranges from 375 to 1200 µm. The diffracted X-rays are collected using 2-Dimensional 
Vantec-500 area detector. This area detector has 2θ spread of 51° when it is 12 cm away 
from the targeted sample. It allows X-rays to be collected over a broad area (as opposed 
to a single line), enabling 2D XRD data to be collected instead of 1D XRD data. This 
allows for analysis of crystal textures. 
General Area Detector Diffraction System (GADDS) software was used to collect 
and process the data. Data collection was done using the “omega scan” method. During 
an omega scan, the source and the detector both rotate clockwise simultaneously such 
that the sum of the angle between the source and the sample (θ1) and the angle between 
the detector (θ2) remain constant. The sum of θ1 and θ2 is the 2θ value at the center of the 
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Figure. 2.9. Bruker D8 Discover micro X-ray diffractometer with sample A2. 
XYZ stage, Co source, microscope-laser system, Co Göbel mirror, 300 µm 
collimator, and Vantec-500 area detector are labelled. 
XYZ stage 
Co Source 
Microscope-
Laser system 
Co Göbel 
mirror 
300 µm 
collimator 
Vantec-500 
Area Detector 
detector. Data collection was done in two separate frames. For most samples, θ1 was 
14.5°, θ2 was 22°, and the width (ω) was 10° for frame 1. For frame 2, most samples had 
θ1 as 35.5°, θ2 as 40°, and a ω of 18°. For samples that had impact craters, the depth and 
width of the impact crater was measured to determine the slope of the crater and θ1, θ2, 
and ω were changed accordingly in order to ensure that the X-rays could reach the 
bottom of the crater and to ensure that they could escape from the crater and reach the 
detector. If the slope of the crater was greater than θ1, the X-ray beam could not reach the 
targeted spot and would instead reach a higher point in the crater. This resulted in a 
different spot than anticipated being measured for a portion of the collection time, and the 
collected diffraction peaks were offset, producing unusable data. For samples that had 
craters ,θ1, θ2, and ω were changed such that θ1 was greater than the gradient of the crater, 
ensuring  that all the data collected was from the intended spot.  
If the sample had a crater, the gradient of the crater was calculated with the 
following equation: 𝜃1𝑚𝑖𝑛 = sin
−1(∆𝑧
𝑠𝑖𝑛90°
√∆𝑥2+∆𝑧2
), where θ1min is the minimum θ1 required 
to get the desired data, Δz was the change in elevation within the crater, and Δx is the 
distance between the targeted spot and the next increase in elevation. Both Δz and Δx 
were measured in mm using the XYZ coordination system on the µXRD. A visual 
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Figure 2.10. Visual representation of the equation 
used to calculate θ1min for a sample with a crater. 
The change in elevation (Δz) and the change in 
distance (Δx) were measured and used to calculate 
the slope ((Δx2+Δz2)0.5). With the known values of 
Δz and (Δx2+Δz2)0.5, sine law was used to determine 
the value of θ. 
representation of this calculation can be seen in Fig. 2.10. In the cases when changing the 
values of θ1, θ2, and ω, still could not yield enough data to be of use, a channel was 
carved into the sample using a Foredom SR series dremel tool with a diamond studded 
drill tip about 1 mm in width and 5 mm in length, such that the X-rays had a clear path to 
reach the base of the crater. If carving a path to the base of the crater still failed to yield 
enough data, the crater was then bisected using a Buehler 11-1180 low speed isomet saw 
such that the base of the crater was exposed.  
2.3.3.2 Data Processing 
2D GADDS images were initially integrated to produce conventional intensity 
versus 2θ diffraction patterns. These intensity versus 2θ diffraction patterns were 
analyzed using DIFFRAC.EVA software. These patterns were compared to mineral 
33 
 
Figure 2.11. GADDS image of a grain of clinopyroxene in the martian 
meteorite Zagami showing a few problematic diffraction peaks. The 
diffraction peaks circled in yellow overlap and will give a single peak 
width that is too large instead of two representative peak width 
measurements. The diffraction peaks circled in white are not completely 
visible in the GADDS image and will give unrepresentative peak width 
measurements and therefore was not used.  
phases in the International Centre for Diffraction Data (ICDD) database to confirm peak 
positions and miller indices for target mineralogy. Diffraction peaks unique to 
clinopyroxene were recorded.  
2.3.3.2.1 Calculating Lattice Strain 
After the diffraction peaks unique to clinopyroxene were recorded, each 
diffraction spot in the 2D GADDS images was isolated and integrated into intensity 
versus 2θ diffraction patterns. This was done to avoid peak overlap and to ensure that 
each diffraction spot measured was completely visible on the GADDS image (Fig. 2.11). 
Overlapping peaks may appear as a large single diffraction peak in a 1D diffraction 
pattern and may give inaccurately large peak width measurements. Diffraction peaks that 
are not completely visible on the GADDS image do not give the complete diffraction 
peak and may not give representative peak width measurements. Therefore, these were 
not used.  
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The integral breadth (β) of these selected diffraction peaks was then measured 
using DIFFRAC.EVA and was recorded. The error of the β values is assumed to be 
equivalent to the instument line broadening. The β values were plotted against the tanθ to 
create a Williamson-Hall (WH) plot (Williamson and Hall, 1953). The equation of the 
trend line is β=4εtanθ+βo, where ε is the lattice strain and βo is a constant related to 
crystal size. For obtaining values for the calibration curve, if the trend line of the WH plot 
had an R2 value that was less than 0.75, the WH plot was considered unreliable for 
representing data on the calibration curve and was then discarded. This is because plots 
showing scattered data have low R2 values and are less likely to give reliable data. The R2 
value of 0.75 appeared to be a good cutoff value that divides scattered WH plots from 
well-defined WH plots. For martian meteorite samples, Williamson-Hall plots with R2 
values that were less than 0.75 were not discarded as several ε calculations would 
represent each meteorite, decreasing chances for error. ε was calculated by dividing the 
slope of the trend line by 4. The error of ε was calculated as the standard error of 
regression of the slope of the WH plot: 𝑆𝐸𝑅 =
√∑(𝛽−𝛽′)2 (𝑁−2)⁄
√∑(tan 𝜃−tan 𝜃𝑎𝑣𝑒)2
, where SER is the 
standard error of regression, β` is the β value predicted by the trend line for each 
measured diffraction peak, N is the number of measured diffraction peaks, and tanθave is 
the average tanθ of all measured diffraction peaks. These ε values were plotted against 
the peak shock pressure experienced by the sample to form the ε versus shock pressure 
calibration curve.  
2.3.3.2.2 Measuring Strain-Related Mosaicity 
 Using the list of previously recorded diffraction peaks that were identified as 
unique to clinopyroxene, each diffraction spot in the GADDS image was isolated and 
integrated into intensity versus chi plots (Fig. 2.12). The Full-Width Half-Maximum 
(FWHMχ) of each diffraction peak was then measured using DIFFRAC.EVA and was 
recorded. Asterism is similar to SRM as it also represents the misorientation of subgrains 
due to strain. The subgrains, however, are larger than 10 µm in size (Vinet et al. 2011). If 
a diffraction peak displayed asterism (Fig 2.13) and could not give a single discrete width 
measurement, it was discarded.  
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 FWHMχ is highly variable, especially in samples that have experienced high peak 
shock pressures. McCausland et al. (2010) and Pickersgill et al. (2014) found that highly 
shocked samples would give both FWHMχ values that are similar to those given by 
unshocked samples and FWHMχ values that are far higher than any FWHMχ value given 
by unshocked samples. Because of this, peak FWHMχ was used for the strain-related 
mosaicity calibration curve instead of average FWHMχ. In this work, the average of the 
top 25% of FWHMχ values for each sample was plotted against the peak shock pressure 
experienced by each experimentally shocked sample in an attempt to form a FWHMχ 
versus shock pressure calibration curve. The average of the top 25% of FWHMχ values 
were used because it is standard to look at the 25% of the most shocked crystal grains 
when evaluating shock metamorphism (Izawa et al. 2011; Stöffler et al. 1991). 
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Figure 2.12 FWHMχ  measurement for a diffraction peak in Zagami 
corresponding to clinopyroxene. This peak is picked out in the GADDS 
image and integrated into the intensity versus χ plot to have the peak width 
measured. The FWHMχ of the diffraction peak is 5.18º. A GADDS image 
showing where the diffraction peak is also shown. 
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Figure 2.13 Intensity versus χ plot for a diffraction peak in Zagami 
corresponding to clinopyroxene. The diffraction peak shows asterism in the 
GADDS image shown and multiple peaks in the intensity versus χ plot. A 
reliable FWHMχ cannot be obtained.  
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Chapter 3  
3 Results 
3.1 HEXP6: Clinopyroxene shocked to 40 GPa 
 HEXP6 is a set of four clinopyroxene grains (referred to as HEXP6_1v, 
HEXP6_2, HEXP6_3, and HEXP6_4) that were loaned by Dr. Anne Peslier and Dr. Roy 
Christoffersen. Dr. Anne Peslier shocked them to 40 GPa with a flat plate accelerator 
(FPA). These four grains are in an epoxy mount. 
 All four grains in HEXP6 were targeted with in situ micro X-ray diffraction 
(µXRD). Data was collected for HEXP6 twice due to low signal to noise ratios in three of 
the grains. 
3.1.1 X-ray Diffraction Data from HEXP6 
 The largest grain in HEXP6, HEXP6_1v, produced usable data with high signal to 
noise ratios for both data collection runs. Diffraction spots for HEXP6_1v show 
significant streaking (Fig. 3.1A). The three other grains in HEXP6 produced data with 
extremely low signal to noise ratios in both data collection runs (e.g. Fig. 3.1B). Only the 
data from HEXP6_1v was deemed usable. 
The 2θ versus intensity diffraction pattern for HEXP6_1v matched the International 
Centre for Diffraction Data (ICDD) card for clinopyroxene #01-82-0445 (Fig. 3.2). All 
the diffraction peaks were found to match clinopyroxene.  
The integral breadth (β) of individual diffraction peaks was plotted against the 
tangent of their diffraction angle (tanθ) to create Williamson-Hall plots for both runs of 
HEXP6_1v. The lattice strain value (ε) was obtained from the slope (4ε) of each 
Williamson-Hall plot. Both data collection runs of HEXP6_1v produced very similar 
results (Fig. 3.3). Run 1 of HEXP6 1v gave a lattice strain (ε) value of 0.245 ± 0.322%. 
Run 2 of HEXP6 1v gave a ε value of 0.250 ± 0.017%. 
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 Most diffraction peaks for HEXP6 1v once integrated into intensity versus χ plots 
showed multiple peaks and thus a single peak width could not be measured. Each run 
produced one Full-Width Half-Maximum (FWHMχ) measurement. Run 1 gave a FWHMχ 
of 9.01° (Fig. 3.1C), while run 2 gave a FWHMχ of 7.22°. See Appendix A for the 
complete set of data.  
A B 
Figure 3.1 General Area Detector Diffraction System (GADDS) images for HEXP6 with inset 
images of the targeted areas, and an example intensity vs χ plot. A) GADDS image for run 1 of 
HEXP6_1v showing streaking. B) GADDS image for run 1 of HEXP6_2 showing a very low signal 
to noise ratio. C) An example FWHMχ measurement for HEXP6_1v run 1. Corresponds to a 
FWHMχ value of 9.01°. The diffraction peak that this measurement comes from is surrounded by a 
yellow polygon in Fig 3.1A. 
C 
9.01° 
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01-082-0445 (C) - Clinopyroxene - (Al0.220Ti0.045Mg0.584Fe0.151)(Ca0.682Na0.117)(Mg0.096Fe0.10
Y + 3.0 mm - File: Jenkins_artshkpx_01 [001].raw
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Figure 3.2. Diffraction pattern for  HEXP6_1v run 1. Its *.raw file is Jenkins_artshk_px_01.raw. 
Diffraction pattern matches clinopyroxene ICDD card 01-82-0445. Miller indices are shown in 
brackets. 
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3.2 EXP2: Clinopyroxene Shocked up to 20 GPa 
 Sample EXP2 is a set of two clinopyroxene grains (referred to as EXP2_1 and 
EXP2_2) that were shocked up to 20 GPa with a vertical gun. These grains could have 
experienced peak shock pressures less than 20 GPa and were thus not used for the 
calibration curve. 
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Figure 3.3. Williamson-Hall plots for HEXP6_1v with labelled 
Miller Indices from ICDD card 01-82-0445. The equation used 
for a Williamson-Hall plot is 𝛽 = 4𝜀𝑡𝑎𝑛𝜃 + 𝛽𝑜. A) The 
Williamson-Hall plot for HEXP6_1v run 1, corresponding to ε = 
0.245 ± 0.322%. B) The Williamson-Hall plot for HEXP6_1v 
run 2 corresponding to  ε = 0.250 ± 0.017%. 
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 Both grains of EXP2 were targeted using µXRD. Data was collected for EXP2 in 
two data collections because the first data collection run stopped part of the way through, 
leading to data not being collected for EXP2_2 during run 1. Data was collected for 
EXP2_2 during run 2.  
3.2.1 X-ray Diffraction Data for EXP2 
 GADDS images for run 1 of grain 1 shows asterism (Fig. 3.4A), whereas the 
GADDS image for run 2 of grain 1 shows no asterism (Fig. 3.4B). This is the result of 
orientation. The orientation of the samples was not controlled and thus were different 
during the data collection runs (Fig. 3.5). The misorientation of the subgrains in EXP2 
that resulted in the asterism is only observable at certain orientations. All GADDS images 
showed the presence of a fine-grained material in the form of continuous rings (Fig. 3.4A 
and 3.4B).  
The 2θ versus intensity diffraction pattern for EXP2 matched the International 
Centre for Diffraction Data (ICDD) card for clinopyroxene #01-71-0721 (Fig. 3.6). All 
the diffraction peaks were found to match clinopyroxene, including the fine-grained 
material.  
The Williamson-Hall (WH) plots for run 2 of both grains can be seen in Figure 
3.7. Because of the asterism, the integral breadth for grain 1 was measured for multiple 
diffraction spots that shared the same 2θ value. Both runs for grain 1 of EXP2 gave rather 
similar lattice strain (ε) values. Run 1 of grain 1 gave a ε value of 0.067±0.108%, while 
run 2 of grain 1 gave a ε value of 0.071±0.153%. Grain 2 gave a lower ε value of 
0.028±0.003%. Because the location of both grains of EXP2 relative to the point of 
impact on the shocked sample is unknown, neither grain of EXP2 was used for the 
calibration curve.  
Despite showing asterism, run 1 of grain 1 gave several Full-Width Half-
Maximum measurements (FWHMχ) once integrated into intensity versus chi (χ) plots. 
This is because each diffraction spot occupying the same 2θ values could be separated 
into individual diffraction peaks in an intensity versus χ plot. The average FWHMχ value 
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for run 1 of grain 1 is 0.60°. Run 2 of grain 1 and grain 2 also gave several FWHMχ 
measurements. The average FWHMχ value for run 2 of grain 1 is 0.49°, while the average 
FWHMχ value for grain 2 is also 0.49°. A summary of these FWHMχ measurements can 
be seen in Table 3.1.  
A B 
Figure 3.4 GADDS images for grain 1 of EXP2 and example intensity versus χ plot. A) GADDS 
image for run 1 of EXP2 showing asterism. B) GADDS image for run 2 of EXP2 showing no 
asterism and instead showing discrete diffraction spots. C) An example of a chi plot showing 
asterism for EXP2_1 run 1. FWHMχ measurements can be viewed in Table 3.1. The diffraction peak 
that this measurement comes from (Miller index -221) is surrounded by a yellow polygon in Fig 
3.4A. 
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A B 
Figure 3.5. Images of grain 1 of EXP2 taken with the camera on the in situ micro X-ray 
Diffractometer during data collection. A) Image of grain 1 of EXP2 during run 1. B) Image of grain 1 
of EXP2 during run 2 showing the grain at a different orientation. 
250 µm 250 µm 
 
01-071-1070 (C) - Augite - Na.1Ca.6Mg.9Fe.2Ti.0Al.3Si1.8O6 - Monoclinic - C2/c (15)
Y + 3.0 mm - File: Jenkins_exp2_01 [001].raw
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Figure 3.6. Diffraction pattern for EXP2_1. The .raw* file used is Jenkins_exp2_01.raw. 
Diffraction pattern matches the ICDD card 01-071-1070 for clinopyroxene.  
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The sum of the FWHMχ measurements from diffraction peaks that show asterism 
was attempted for the (-221) Miller index for EXP2_1 run 1 (Fig. 3.4C) to see if it was a 
viable option for the calibration curve. Each FWHMχ measurement can be viewed in 
Table 3.2. Individual FWHMχ measurements were similar to the FWHMχ measurements 
for EXP2_1 run 2 and EXP2_2 run 2, targets which did not display asterism (Table 3.1). 
It was determined that to be consistent with FWHMχ measurements, peaks that display 
asterism should not be used for the strain-related mosaicity calibration curve. See 
Appendix B for the complete set of data for EXP2. 
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Figure 3.7. Williamson-Hall plots for EXP2 with the Miller 
indices labelled. A) The Williamson-Hall plot for EXP2_1 run 
1, corresponding to a ε of 0.067±0.108%. B) The Williamson-
Hall plot for EXP2_1 run 2 corresponding to a ε of 
0.071±0.153%. C) WH plot for run 2 of grain 2 corresponding 
to a ε of 0.028±0.003%. 
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Miller Index 2θ  EXP2_1 Run 1 FWHMχ  EXP2_1 Run 2 FWHMχ  EXP2_2 Run 2 FWHMχ  
(-221) 34.9° 0.66°   
(310) 35.6° 0.65° 0.77°  
(-131) 41.1° 0.63°   
(400) 45.3°  0.42°  
(-331) 49.8° 0.45°   
(-331) 49.8° 0.55°   
(-421) 50.4° 0.76°   
(600) 70.6°  0.39°  
(260) 79.1°   0.49° 
(260) 79.2° 0.52°   
(710) 85.8°  0.38°  
 
 
 
 
 
 
Table 3.1. Summary of FWHMχ measurements for individual diffraction peaks in EXP2. 
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FWHMχ (°) Sum (°) 
0.65 
2.34 
0.69 
0.59 
0.41 
3.3 A0-A7: Augite Samples Shocked with a Light Gas Gun 
3.3.1 Wavelength-Dispersive X-ray Spectroscopy 
Wavelength-dispersive X-ray spectroscopy (WDS) data was collected for sample 
of augite using JEOL JXA-8530F microprobe to determine composition prior to the 
samples being sent to the University of Kent to be shocked. A small rock chip was 
encased in epoxy and carbon coated for WDS data collection. It was determined that the 
average composition of the augite is (Ca0.93Na0.04Mg0.8Fe0.28Mn0.01)(Si1.95Al0.04)O6. 
3.3.2 A0: Unshocked Augite 
A0 is an unshocked rock sample of augite that is identical in composition to 
samples A1-A7. Sample A0 was targeted at three spots on an unweathered surface with 
µXRD.  
 
 
 
Table 3.2. Summary of FWHMχ 
measurements for Miller index (-221) 
in EXP2_1 run 1. 
48 
 
3.3.2.1 X-ray Diffraction Data for Sample A0 
All targets on A0 produced GADDS images showing discrete diffraction spots. 
The first target of A0 showed pairs of diffraction spots occupying the same 2θ value (Fig. 
3.8) Other targeted spots simply showed single diffraction spots. This indicates an 
undeformed crystal.  
The 2θ versus intensity diffraction pattern for A0 matched the ICDD card #01-78-
1391 for clinopyroxene (Fig. 3.9). All the diffraction peaks were found to match to 
clinopyroxene.  
The Williamson-Hall plot for target 3 can be seen in Figure 3.10. All three targets 
produced similar lattice strain (ε) values. Target 1 gave an ε value of 0.087±0.068%, 
target 2 gave an ε value of 0.010±0.145%, and target 3 gave an ε of 0.086±0.055%. These 
ε values are higher than those given by EXP2, however are within error of the values 
given by EXP2.  
Figure 3.8. GADDS images for sample A0. A) GADDS image for target 1 showing pairs of diffraction 
spots. B) GADDS image for target 2 showing individual diffraction spots. 
A B 
49 
 
 
01-078-1391 (C) - Augite - Ca(Mg0.85Al0.15)((Si1.70Al0.30)O6) - Monoclinic - C2/c (15)
Y + 3.0 mm - File: Jenkins_A0_2_01 [001].raw
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Figure 3.9. Intensity versus 2θ plot for target 3 of A0. This diffraction pattern corresponds to the 
ICDD card #01-077-1391 for augite. 
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Figure 3.10. Williamson-Hall plot for target 3 of A0.  
Miller indices are labelled. The slope of the trend line 
corresponds to an ε of 0.086±0.055%. 
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Intensity versus χ plots for all targets gave several FWHMχ measurements. Only 
individual diffraction spots were measured for target 1 to avoid peaks giving FWHMχ 
measurements representing two diffraction spots instead of one. Table 3.3 summarizes 
the FWHMχ measurements. These values indicate that an undeformed crystal will give 
the FWHMχ measurements that less than 1°. All the data from A0 can be viewed in 
Appendix C. 
Miller Index 2θ (°) Target 1 FWHMχ  Target 2 FWHMχ Target 3 FWHMχ  
(021) 31.1   0.94° 
(130) 37.4  0.54°  
(002) 41.4  0.60° 0.71° 
(112) 47.5   0.69° 
(-114) 87.9 0.50°   
(-114) 87.9 0.54°   
(-114) 88.0  0.56° 0.62° 
(004) 89.9 0.38° 0.58° 0.51° 
(004) 89.9 0.41°   
3.3.3 A1: Shocked to 8 GPa with a Light Gas Gun 
A1 is a sample of augite shocked to 8 GPa by a light-gas gun (LGG). It has a 
shallow impact crater on its surface (Fig. 3.11). The crater in A1 is asymmetrical. The 
point of impact was determined as the point in the crater with the lowest elevation and the 
highest fracture density. This area is close to some metallic material smeared in the 
crater. This metallic material is likely to be the remnants of the aluminum projectile.  
Table 3.3. Summary of FWHMχ measurements for each target on A0. 
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Sample A1 was targeted with µXRD at five separate targets. Targets 1-3 are all in 
the estimated point of impact. Three different spots were targeted in A1 to reduce error 
and to ensure that the point of impact was correctly sampled. Targets 4 and 5 are within 
the crater but far away from the point of impact for comparison. All five targets can be 
viewed in Figure 3.11. The crater was only 0.103 mm deep and had a maximum slope of 
about 3°. Because the crater was shallow, it was not necessary to change θ1 and θ2 of 
frame 1 to accommodate crater depth. Standard collection parameters were used.  
3.3.3.1 X-ray Diffraction Data for sample A1 
Targets 1-3 produced GADDS images that showed both streaking along Debye 
rings and asterism (Fig. 3.12A), while targets 4 and 5 produced GADDS images that 
simply showed individual discrete diffraction spots (Fig. 3.12B). 
The intensity versus 2θ plot for A1, like sample A0, matched the ICDD card #01-
78-1391 for clinopyroxene. All diffraction peaks were found to match clinopyroxene. 
 Target 4 had multiple diffraction spots at a 2θ of 88°. Both diffraction spots had 
their β values measured. ε values are summarized in Table 3.4. The Williamson-Hall plot 
Figure 3.11. Photo of the crater on sample A1. Spots 
targeted with µXRD are marked. 
2 mm 
52 
 
for target 4 had a low R2 value of only 0.5670 and thus its ε value was deemed 
unrepresentative of the target. The Williamson-Hall plot for target 5 gave an ε value that 
was similar to that of A0. Targets 1-3 had similar errors, however, target 3 had the 
highest ε and was closest to the physical center of the crater. The Williamson-Hall plot 
for target 3 can be seen in Figure 3.13.  
Only intensity versus χ plots for targets 1, 4, and 5, gave FWHMχ measurements. 
Targets 2 and 3 did not give FWHMχ measurements due to asterism making it difficult to 
obtain a FWHMχ measurement for a single diffraction peak. Target 1 was only able to 
give one FWHMχ measurement for this very reason. Targets 4 and 5 gave several 
FWHMχ measurements. A summary of FWHMχ measurements can be seen in Table 3.5.  
Targets 1-3, which were at the point of impact, gave ε and FWHMχ values that 
were higher than A0. Targets 4 and 5, which were outside the point of impact gave ε and 
FWHMχ values that were similar to A0, indicating that data representative of the peak 
shock pressures experienced can be derived at the point of impact. All the data from A1 
can be viewed in Appendix D. 
Target ε (%) Standard Error of Regression (%) 
1 0.110 0.097 
2 0.111 0.111 
3 0.134 0.101 
5 0.094 0.111 
Table 3.4. ε values and standard error of 
regressions for targets 1-3 and 5 in sample A1. 
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A B 
Figure 3.12. GADDS images from targets on A1 and example intensity vs χ plot.. A) GADDS 
image from target 2 showing streaking  along Debye rings and asterism. B) GADDS image from 
target 4 showing individual diffraction spots. C) An example of asterism from target 2. The 
diffraction peak that this measurement comes from is surrounded by a yellow polygon in Fig. 
3.12A. 
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Miller Index 2θ  Target 1 FWHMχ  Target 4 FWHMχ  Target 5 FWHMχ  
(130) 37.4°   0.51° 
(112) 47.5°  0.70° 0.72° 
(-402) 52.8°  0.74°  
(312) 62.9°  0.68°  
(-602) 71.6° 2.16°   
(-533) 85.7°  0.72°  
(-114) 88.0°  0.60° 0.55° 
(-114) 88.0°  0.52°  
(004) 89.9°   0.42° 
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Figure 3.13. Williamson-Hall plot for target 3 of A1. Corresponds to 
an ε of 0.134±0.101%. 
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Table 3.5. Summary of FWHMχ measurements for targets 1, 4, and 5 on A1. 
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3.3.4 A2: Shocked to 22 GPa with a Light Gas Gun 
A2 is a sample of augite shocked to 22 GPa by an LGG. It has a deep impact 
crater on its surface (Fig. 3.14A). The point of impact was determined as the point in the 
crater with the lowest elevation. A loose piece of the crater wall was dislodged during 
investigation of the crater. The wall piece was studied with µXRD along with targets 
within the crater.  
Due to the depth of the crater, X-rays could not easily get in and out of the crater 
unless both θ1 and θ2 were set to high angles. This gave XRD data that covered a narrow 
2θ range, which could not give reliable Williamson-Hall plots. Sample A2 has therefore 
undergone some processing to ensure that X-rays could get in and out of the crater at a 
large enough 2θ range to produce sufficient data for Williamson-Hall plots. Initially a 
path for the X-rays was drilled to the edge of the crater base using a Foredom SR series 
dremel tool equipped with a diamond studded tip about 1 mm in width and 5 mm in 
length (Figure 3.14B). The sample was cooled and lubricated with water during drilling. 
This turned out to not be sufficient to get data that covered an acceptable 2θ range. A2 
was then cut by a Buehler 11-1180 low speed isomet saw, such that the crater was 
bisected (Fig. 3.14C, 3.14D, and 3.14E). The sample was cooled and lubricated using 
mineral oil while it was being sawed. The local heat created by friction by both the 
isomet saw and the dremel tool were considered low enough to have no effect on the 
sample. Dust and debris were cleaned from the crater every time it was drilled or sawed 
by rinsing the crater with ethanol.  
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3.3.4.1 Data Collection Parameters for Sample A2 
Initially 5 spots (targets 1a-5a) in A2 were targeted using the same sample 
collection parameters as the other samples (Table 3.6). It was found that this yielded data 
that showed a distance-displacement error and thus was getting data from parts of the 
crater wall and not just the targeted spot. The elevation changes in the crater (Fig. 3.15) 
were then measured (Table 3.7) using the X-ray diffractometer’s XYZ stage. The steepest 
slope of the crater was calculated using the method described in section 2.3.3.1 and the θ1 
and θ2 values were changed accordingly (Table 3.6). 9 spots were then targeted (targets 
1b-9b). This produced insufficient data and thus a path to the crater base was drilled with 
a dremel tool. After this path was drilled, 1 spot was targeted 6 times (targets 1c-6c). This 
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Figure 3.14. Images of 
sample A2 at multiple 
stages of processing. 
A) Sample A2 before 
any processing. 
Targets 1a-5a and 
targets 1b-9b are 
labelled. B) Sample 
A2 after being drilled 
with a dremel tool. 
Targets 1c-6c are 
labelled. C) Sample 
A2 after being sawed 
in half with an isomet 
saw viewed from the 
top of the sample. 
Targets 1d-3d are 
labelled. D) and E) 
Sample A2 after being 
sawed in half from a 
side view. Targets 4d-
15d are labelled. 
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also produced insufficient data and the crater was bisected using an isomet saw. 15 spots 
were targeted after the crater was bisected (targets 1d-15d). 
 Targets 1a-5a, 4d-15d, and wall piece Targets 1b-9b, 1c-6c, 1d-3d 
 Frame 1  Frame 2  Frame 1  Frame 2  
θ1 (°) 14.5 35.5 40 40 
θ2 (°) 22 40 20 40 
ω 10 18 10 10 
Collection time (minutes) 60 90 60 90 
 
Distance from crater base (mm) Height above crater base (mm) Slope (°) 
0.845 0.353 23 
1.612 0.938 39 
4.628 1.415 9 
6.958 1.649 6 
Table 3.6  Summary of data collection parameters for A2. 
39° 
Figure 3.15. Diagram showing elevation changes within the crater in A2. X-rays entering 
and leaving the targeted spot are depicted as red arrows. The minimum θ1 angle required 
to get data from the bottom of the crater is labelled. Diagram is to scale. 
2 mm 
Table 3.7 Elevation changes in the crater in sample A2. 
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3.3.4.2 X-ray Diffraction Data for A2 
All intensity versus 2θ diffraction patterns for A2 match clinopyroxene. A 
summary of all FWHMχ measurements taken from the base of the crater can be seen in 
Table 3.8. 
Miller 
Index 
2θ  Target 2c 
FWHMχ  
Target 3c 
FWHMχ  
Target 4d 
FWHMχ  
Target 5d 
FWHMχ  
Target 7d 
FWHMχ  
Target 8d 
FWHMχ  
Target 12d 
FWHMχ  
(020) 22.9º    2.17º    
(220) 32.1º   1.01º 1.32º    
(130) 36.7º    1.32º  0.89º 1.29º 
(130) 36.8º     0.90º   
(330) 49.0º     0.76º 0.70º  
(-223) 66.6º     1.02º   
(440) 67.0º    0.77º    
(511) 68.5º    0.76º    
(350) 70.3º    0.85º    
(-261) 79.7º  0.76º      
(-114) 88.0º  0.66º      
(-114) 88.1º 0.92º 0.94º      
(004) 90.0º  0.77º      
(-713) 94.6º  1.02º      
Table 3.8 Summary of all FWHMχ measurements from targets in the base of the crater in sample A2. 
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3.3.4.2.1 Wall Piece from Sample A2 
The GADDS image for the wall piece of A2 shows both a coarse-grained phase 
with extensive asterism and a fine-grained phase (Fig. 3.16) In the intensity versus 2θ 
diffraction pattern for the wall piece, only the coarse-grained phase matches augite (Fig. 
3.17). The fine-grained phase has been tentatively matched to the phase pigeonite and is 
most likely a sign of exsolution.  
The wall piece gave two FWHMχ measurements of 0.73° and 0.87°. It 
Williamson-Hall plot had an R2 value that was only 0.3283 and was deemed unreliable. 
 
 
 
 
 
Figure 3.16. GADDS image for the crater wall piece 
broken off of sample A2 showing both a coarse-grained 
phase and a fine-grained phase. An image of the wall piece 
is also shown. 
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3.3.4.2.2 Targets 1a-5a 
All 4 targets produced GADDS images that showed asterism, with targets 2a, 4a, 
and 5a showing the most extensive asterism (Fig. 3.18).  The intensity versus 2θ plot for 
targets 1a, 3a, and 5a in sample A2, like sample A0, matched the ICDD card #01-78-
1391 for clinopyroxene (Fig. 3.19A). The intensity versus 2θ plot for targets 2a and 4a 
bore a striking resemblance to the intensity versus 2θ plot for targets 1a, 3a, and 5a 
however diffraction peaks at lower 2θ angles were offset linearly by about -0.89° and did 
not quite match the 01-78-1391 ICDD card (Fig. 3.19B). Because the peak offset was 
linear and not non-linear, it was determined that this offset was because of a sample 
displacement error and not uniform strain. This sample displacement error is caused by 
the crater being too deep for the X-rays to reach the base of the crater at low 2θ angles; 
Figure 3.17. Intensity versus 2θ pattern for the crater wall piece broken off of sample A2. The 
coarse-grained component matches the ICDD card #01-078-1391 for augite while the fine-grained 
component has been matched to pigeonite. 
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they were instead hitting the sides of the crater, resulting in a sample displacement error 
and causing some of the diffraction peaks to be offset. Those targets have been discarded.  
  
Figure 3.18. GADDS image of A2 Target 5a showing asterism. 
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Figure 3.19. Intensity versus 2θ plots for A2 showing sample displacement issue. A) Intensity 
versus 2θ plot for target 1a, matching the ICDD card for clinopyroxene. B) Intensity versus 2θ plot 
for target 2a. The original diffraction is shown in black, which looks identical to the diffraction 
pattern for target 1a but is offset. The red diffraction pattern is the diffraction pattern for 2a shifted 
by approximately by -0.89° to recreate what the diffraction pattern should appear as without the 
distance error. 
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3.3.3.2.3 Targets 1b-9b 
µXRD data was collected for targets 1b-9b with the adjusted data collection 
parameters (Table 3.6). Like targets 1a-5a, the GADDS images for targets 1b-9b show 
extensive asterism at the crater and moderate asterism at the crater sides (Fig. 3.20A and 
3.20B). The outside of the crater shows discrete diffraction spots in its GADDS image 
(Fig. 3.20C). Target 2b gave FWHMχ measurements of 0.82° and 3.19° (Fig. 3.21), while 
target 3b gave FWHMχ measurements of 0.43° and 0.53°. Although the adjusted 
collection parameters prevented the crater walls being sampled by mistake, they did not 
cover a large enough range of 2θ values at the base of the crater. Target 4b and target 8b 
did produce Williamson-Hall plots, however. Target 4b’s Williamson-Hall plot gave a ε 
value of 0.0345±0.0251° and target 8b produced a Williamson-Hall plot with a ε value of 
0.1178±0.0738°. Because neither target 2b nor target 4b were at the base of the crater, 
their ε values do not represent the peak shock pressure experienced by sample A2 and 
therefore could not represent sample it on the calibration curves.   
A B 
C 
Figure 3.20. GADDS images from targets on A2 after adjustment of  θ1 and θ2 values A) 
GADDS image from target 1b showing extensive asterism. B) GADDS image from 
target 3b showing minor amounts of asterism. C) GADDS image from target 4b showing 
pairs of discrete diffraction spots, either due to fractures or twinning. 
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3.3.4.2.4 Targets 1c-6c 
µXRD data was collected for targets 1c-6c after a path to the crater base was 
carved with a dremel tool. Like the previous target sets, the GADDS images for targets 
1c-6c also showed extensive asterism (Fig. 3.22), however like targets 1b-9b, the range of 
2θ values which showed diffraction peaks was determined to be insufficient to produce 
reliable Williamson-Hall plots.  
3.3.4.2.5 Targets 1d-15d 
µXRD data was collected for targets 1d-15d after the crater was bisected with an 
isomet saw. Targets 1d-15d are all taken within the base of the crater, with target 1d-8d 
and 12d being taken at what was estimated to be the very center. All GADDS images 
showed extensive asterism (e.g. Fig. 3.23).  
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Figure 3.21. Example FWHMχ measurem nts f om target 2b and the corr spondin  GADDS image.
The black pe k in the intensity vs χ plot corresponds to the d ffraction peak in the GADDS image 
with a yellow box. It yields a FWHMχ measurement of 0.82°. The blue peak in the intensity vs χ plot 
corresponds to the diffraction peak in the GADDS image with a blue box. It yields a FWHMχ 
measurement of 3.19°. The other diffraction peaks show asterism and do not yield FWHMχ 
measurements that can be used for the calibration curve. 
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All the GADDS images, intensity versus 2θ plots, and Williamson-Hall plots can 
be seen in Appendix E. The ε results from Williamson-Hall plots that had R2 values 
above 0.75 can be seen in Table 3.9. Williamson-Hall plots could not be produced from 
targets 1d and 2d. Target 5d produced a Williamson-Hall plot whose R2 value was 0.1025 
and thus was discarded. An example Williamson-Hall plot can be seen in Figure 3.24.  
 
Figure 3.22. GADDS image from target 1c on A2 
after a path to the base of the crater was drilled 
using a dremel tool. The spot shows extensive 
asterism. 
Figure 3.23. GADDS image from target 3d on A2 after the 
crater was bisected with an isomet saw. The spot shows 
extensive asterism. Faint rings can also be seen. 
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Target Lattice Strain (%) Standard Error of Regression (%) βo (°) 
3d 0.072 0.078 0.335 
4d 0.110 0.085 0.174 
6d 0.105 0.069 0.170 
7d 0.133 0.094 0.183 
8d 0.123 0.061 0.188 
9d 0.141 0.152 0.158 
10d 0.139 0.153 0.163 
11d 0.168 0.111 0.168 
12d 0.133 0.154 0.166 
13d 0.123 0.192 0.187 
14d 0.152 0.134 0.124 
15d 0.117 0.103 0.142 
 
3.3.4.2.4.1 Discussion Regarding Targets 1d-15d 
Target 3d stands out among the targets, as although it has been taken from the 
very base of the crater and has both a standard error of regression that is low compared to 
the other targets and a high R2 value, its lattice strain value is akin to those observed in 
the unshocked sample A0 (0.072±0.078%). This is a far lower lattice strain value than 
any of the other targets have given and its relatively low error is highly unusual. Another 
unusual aspect regarding 3d is its βo value (0.335°), which is far higher than any of the 
Table 3.9 Lattice Strain values and errors, as well as βo values for targets 
3d, 4d, and 6d-15d in sample A2.  
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other values given. βo is a constant related to grain size. Although sample A2 was cleaned 
of debris after being sawed in half, this was difficult to do inside the crater itself. It is 
possible that there may have been dust within the crater itself that could not be cleaned 
up. This is further supported by the fact there are still faint rings in its GADDS image, 
indicating the presence of fine-grained material (Fig. 3.20). Targets 4d-15d, which were 
taken from the cross-section of the crater, a flat surface that was relatively easy to clean, 
showed much smaller βo values and higher lattice strain values.  
Another thing to note is that targets that were farther away from the center of the 
crater base typically showed higher lattice strain values. These values also showed higher 
standard errors of regression as well though. Whether this trend is a result of error or it 
indicates something about the behavior of shock metamorphism within the crater is 
unknown.  
3.3.5 A3: Shocked to 31 GPa with a Light Gas Gun 
A3 is a sample of augite shocked to 31 GPa by an LGG. The entire upper section 
of the sample has been fragmented by the impact. A recreation of the fragmented area 
prior to impact has been attempted in order to find the point of impact, such that data 
representative of the peak shock pressures could be collected (Fig. 3.25). 
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Figure 3.24. Williamson-Hall plot for target 7d of A2. Miller indices are 
labelled. Corresponds to an ε of 0.133±0.094%. 
(130) 
(330) 
(-223) 
68 
 
The spall from sample A3 has also been studied with µXRD. The fragments were 
sorted by weight and then any spall that was less than 0.01 g in weight was further sorted 
based on visual appearance, where the more fractured pieces were separated from the less 
fractured pieces. The most fractured pieces of spall that were less than 0.01 g in weight 
were studied with µXRD in hopes of identifying pieces of high-speed ejecta. 
3.3.5.1 Data Collection Parameters for A3 
XRD data for the fragments composing the top part of sample A3 were collected 
using the same data collection parameters as for A0 and A1 (Table 3.10). Three spots 
(Top piece 1, top piece 2, and top piece 3) were targeted in hopes of obtaining data from 
the impact crater within A3 itself. Initially, 15 pieces of spall less than 0.01 g in size from 
A3 were determined to be the most fractured pieces. To further identify the pieces of 
spall which experienced the most shock in hopes of finding high speed ejecta, only the 
first frame was collected for the first 15 pieces over a shorter collection time (Table 3.12) 
in order to qualitatively identify the most shocked pieces based on presence of streaking 
along Debye rings, indicating SRM. These targets are known as A3 spall 1-15. Five out 
of 15 pieces of spall displayed SRM (A3 spall 2, A3 spall 3, A3 spall 7, A3 spall 9, and 
A3 spall 11) and were further studied using the same collection parameters that were used 
to study the top pieces of A3 (Table 3.12). 
A C 
Figure 3.25. Sample A3. A) Sample A3 prior to being shot with an LGG. Photo taken by Dr. Kathryn 
Harriss. B) Sample A3 just after being shot with an LGG. Photo taken by Dr. Kathryn Harriss. C) 
Fragments from A3 reconstructed in an attempt to recreate the top half of the sample at the University 
of Western Ontario. Spots targeted with XRD are labelled. 
B 
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A3 top pieces 1-3, A3 spall 2, A3 spall 3, 
A3 spall 7, A3 spall 9, and A3 spall 11 
 A3 spall 1-15 
 Frame 1 Frame 2 Frame 1 
θ1 (°) 14.5 35.5 14.5 
θ2 (°) 22 40 22 
ω 10 18 10 
Collection time 
(minutes) 
60 90 30 
3.3.5.2 X-ray Diffraction Data for A3 
All intensity versus 2θ diffraction patterns for A3 matched clinopyroxene. 
3.3.5.2.1 Top Pieces of A3 
The three spots targeted with µXRD on the top pieces of A3 can be seen in Figure 
3.25C. Targets 1 and 2 yielded complete sets of data, while due to technical difficulties, 
target 3 only produced the first frame for a target that was out of focus. Due to the target 
being out of focus, data from target 3 was considered useless.  
The GADDS images for targets 1 and 2 produced individual diffraction spots, 
indicating that they were unshocked (Fig. 3.26).  
A summary of FWHMχ measurements can be seen in Table 3.11. Both targets 1 
and 2 produced FWHMχ measurements that were akin to those from A0. Only target 2 
produced Williamson-Hall plot whose R2 value was greater than 0.75 (Fig. 3.27). Its ε 
value is 0.0892±0.0049°. It was deemed that the targetted spots were not representative of 
the base of the impact crater and therefore did not reflect the peak shock pressures of 31 
GPa.  
Table 3.10 Summary of data collection parameters for A3. 
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Figure 3.27. Williamson-Hall plot for target 2 of A3. 
Miller indices are labelled. Corresponds to an ε of 
0.089±0.005%. 
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Fig. 3.26. GADDS images for target 1. Diffraction 
spots show that the sample is unshocked and coarse 
grained.  
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Miller Index 2θ (°) Target 1 FWHMχ (°) Target 2 FWHMχ (°) 
(002) 41.3 0.71  
(112) 47.4 0.56  
(240) 52.7 0.70  
(-261) 79.7 0.60  
(-314) 87.8  0.62 
(-404) 89.7  0.56 
(004) 89.9 0.52  
(532) 94.4 0.40  
3.3.5.2.2 Spall 2, 3, 7, 9, and 11 from A3 
Due to strain-related mosaicity and asterism apparent in their GADDS images 
(e.g. Fig. 3.28), spall pieces 2, 3, 7, 9, and 11 were focused on and complete sets of data 
were collected for them.  
Table 3.11. FWHMχ measurements for targets 1 and 2 on sample 
A3. 
Figure 3.28. GADDS image from spall 2 on A3. This piece of 
spall shows extensive asterism. 
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Because of asterism, only one FWHMχ measurement was obtained. This FWHMχ 
measurement was from spall 3 and was 1.72° (Fig. 3.29). All pieces produced 
Williamson-Hall plots with R2 values greater than 0.75 (Fig. 3.30). The summary of ε 
values and their errors for the spall can be seen in Table 3.12. With the exception of spall 
11, the spall pieces produced lattice strain values akin to those to A0 despite their 
noticeable asterism and streaking. It is believed that this is caused by clinopyroxene being 
more sensitive in changes to SRM than ε. This will be further discussed in section 4. 
Spall 11 produced a ε value that was akin to those from sample A1. All the data from A3 
can be viewed in Appendix F.  
Spall Lattice Strain  Standard Error of Regression  
2 0.092% 0.064% 
3 0.057% 0.203% 
7 0.090% 0.026% 
9 0.100% 0.049% 
11 0.103% Not enough data points to calculate 
Table 3.12 Lattice Strain values and errors for spall pieces 
2, 3, 7, 9, and 11 from sample A3  
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Figure .29 Example FWHMχ measurement for spall 3 from sample A3. Yields a FWHMχ 
value of 1.72°. 
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Figure 3.30. Williamson-Hall plots for spall pieces from A3 with the Miller indices labelled. A) 
Williamson-Hall plot for spall 2. Corresponds to an ε of 0.092±0.064%. B) Williamson-Hall plot for 
spall 11. Corresponds to an ε of 0.103%. There were too few data points to calculate a standard error of 
regression for spall 11. 
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3.3.6 A4: Shocked to 49 GPa by a Light Gas Gun 
A4 is a sample of augite shocked to 49 GPa by an LGG. The entire upper section 
of the sample has been fragmented by the impact. Unlike A3, the top part of A4 could not 
be reconstructed and the point of impact could not be found. Data representative of the 
peak shock pressures experienced by the sample could not be collected. 
Some heavily fractured areas on the main piece of A4 were targeted five times 
(Fig. 3.31). Two pieces of spall (A4 spall 1 and A4 spall 2) were also targeted as they 
initially appeared to have some of the aluminum projectile smeared onto them (Fig. 3.32). 
Upon closer examination with the camera on the X-ray diffractometer, it was found that 
only A4 spall 1 had projectile smear on it.   
Figure 3.32. Image of targeted spot on 
spall 1. A slight smear with metallic luster 
can be seen. This is believed to be left by 
the aluminum projectile.  
Figure 3.31. Image of the main piece of sample A4. Targets 1-5 are labelled.  
1 cm 
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3.3.6.1 X-ray Diffraction Data for Sample A4 
All intensity versus 2θ diffraction patterns for A4 match clinopyroxene. 
3.3.6.1.1 Main Piece of A4 
All five targets produced GADDS images that showed discrete diffraction spots, 
indicating that they are unshocked despite their heavily fractured appearance (Fig. 3.33). 
Their FWHMχ measurements (Table 3.13) are also fairly low and are similar to A0. Their 
Williamson-Hall plots (Fig. 3.34) also gave low ε values similar to A0. These ε values are 
summarized in Table 3.14.  
Miller 
Index 
2θ  Target 1 
FWHMχ  
Target 2 
FWHMχ  
Target 3 
FWHMχ  
Target 4 
FWHMχ  
Target 5 
FWHMχ  
Spall 1 
FWHMχ  
Spall 2 
FWHMχ  
(021) 31.0°       1.20° 
(021) 31.1°    1.27°    
(002) 41.4° 0.66° 0.66°  0.76° 0.63°   
(002) 41.5°       0.71° 
(112) 47.5° 0.64° 0.72° 0.79° 0.88° 0.74°   
(-621) 71.6°      3.97°  
(-314) 87.9°   0.53° 0.61° 0.51°   
(-114) 88.0° 0.54° 0.58° 0.44°    0.57° 
(004) 89.9° 0.45° 0.50°  0.52° 0.41°   
(004) 90.0°       0.45° 
 
 
Table 3.13. FWHMχ measurements for all targets on A4 
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Figure 3.34. Williamson-Hall plot for target 1 of on the 
main piece of A4. Miller indices are labelled. This plot 
corresponds to an ε of 0.071±0.069%. 
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Figure 3.33. GADDS image for target 1 on the 
main piece of A4, showing discrete diffraction  
spots indicating low amount of shock. 
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Target Lattice Strain  Standard Error of Regression  
Target 1 0.071% 0.069° 
Target 2 0.073% 0.055° 
Target 3 0.070% 0.068° 
Target 4 0.065% 0.050° 
Target 5 0.076% 0.030° 
Spall 1 0.059% 0.043° 
Spall 2 0.082% 0.021° 
3.3.6.1.2 Spall from A4 
The GADDS image for spall 1 showed extensive SRM in the form of streaking 
(Fig. 3.35), while the GADDS image for spall 2 was similar to those targets 1-5 
produced. Spall 1 gave a FWHMχ measurement of 3.97°, while spall 2 gave FWHMχ 
measurements similar to targets 1-5 and A0 (Table 3.13). However, despite the high SRM 
spall 1 showed, its Williamson-Hall plot gave an ε value similar to targets 1-5 and A0 
(Fig. 3.36). Spall 2 also gave a similar ε value. These ε values are summarized in Table 
3.14. The data from sample A4 can be viewed in Appendix G.  
Table 3.14 Lattice Strain values and errors for all targets 
on A4.  
Figure 3.35. GADDS image for spall 1 from A4 
showing extensive streaking along Debye rings, 
indicating high SRM and shock. 
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3.3.7 A5 and A6: Shocked to 66 GPa and 82 GPa, Respectively, with 
a Light Gas Gun 
A5 and A6 are samples of augite shocked to 66 GPa and 82 GPa by an LGG, 
respectively. Like A4, the entire upper sections of these samples have been fragmented 
by the impact and could not be reconstructed.  
Due to results of the XRD data from samples A3, A4, and A7, no data was 
collected from these samples, as without an identifiable point of impact, they were 
unlikely to produce data representative of the peak shock pressures they had experienced. 
3.3.8 A7: Shocked to 101 GPa with a Light Gas Gun 
A7 is a sample of augite shocked to 101 GPa by an LGG. Like A4, the entire 
upper sections of A7 has been fragmented by the impact and could not be reconstructed. 
The section beneath the top fragment has also broken apart into a few large fragments.  
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Figure 3.36. Williamson-Hall plot for spall 1 from A4. 
Corresponds to an ε of 0.059±0.043%. 
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A portion on one of the large pieces shows several small cavities (Fig. 3.36). A 
heavily fractured area near one of these cavities was targeted. The spall from sample A7 
has also been studied with µXRD. The fragments were sorted by weight. Nine random 
pieces of spall (Spall 1-9) less than 0.01 g in weight were targeted with µXRD in hopes 
of finding high-speed ejecta.  
3.3.7.2 X-ray Diffraction Data for A7 
All intensity versus 2θ diffraction patterns for A7 match clinopyroxene. Some 
GADDS images showed rings matching aluminum due to the aluminum sample holder 
used. 
3.3.8.2.1 Targeted Spot near Cavities 
The GADDS image for the targeted spot near the cavities shows discrete 
diffraction spots, indicating that it is unshocked (Fig. 3.37). The FWHMχ measurements 
were also fairly low, indicating a low amount of shock (Table 3.15). Its Williamson-Hall 
plot gave an ε value of 0.078±0.074%, which is similar to the values A0 gave (Fig. 3.38).  
3.3.7.2.2 Spall 
Most of the pieces of spall showed GADDS image similar to that of the targeted 
spot near the cavities on the large fragment, with the exception of spall 5. Spall 5 instead 
gave a GADDS image that showed asterism (Fig. 3.39). Most pieces of spall gave 
FWHMχ measurements that were also fairly low, showing low amounts of shock (Table 
Figure 3.36. Image of the cavities on sample A7. The 
targeted spot is labelled.  
• 1 
1 cm 
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3.16). No FWHMχ measurements could be obtained from spall 5 due to asterism. Spall 2, 
6, and 7 gave Williamson-Hall plots whose R2 values were too low to be reliable. Most 
pieces of spall gave Williamson-Hall plots that gave low ε values akin to those from A0 
(Table 3.19), while spall 5’s Williamson-Hall plot gave a higher ε value of 0.112±0.066% 
(Fig. 3.40). The data from sample A7 can be viewed in Appendix H.  
 
  
Figure 3.37. GADDS image for the targeted 
spot near the cavities on sample A7. 
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Figure 3.38. Williamson-Hall plot for the targeted spot 
near the cavities on sample A7. Miller indices are 
labelled. This plot corresponds to an ε of 
0.078±0.074%. 
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Miller 
Index 
2θ  Target 
near 
cavities 
FWHMχ  
Spall 1 
FWHMχ  
Spall 2 
FWHMχ  
Spall 3 
FWHMχ  
Spall 4 
FWHMχ  
Spall 6 
FWHMχ  
Spall 7 
FWHMχ  
Spall 8 
FWHMχ 
Spall 9 
FWHMχ 
(111) 28.2°    0.92°      
(220) 32.0°      0.95°    
(002) 41.4°   0.73°  0.66°     
(002) 41.4°     0.90°     
(112) 47.5° 0.69°   0.59°    0.70°  
(022) 47.9°  0.76° 0.83°       
(330) 48.9°      0.71°    
(-331) 49.5°       1.07°   
(420) 50.8°      0.73°    
(240) 52.9°   0.60°       
(331) 57.3°      0.77°    
(150) 61.2°       0.53°   
(350) 70.3°      0.68°    
(-331) 75.1°      0.62°    
(531) 78.0°       0.55°   
(-204) 85.6°         0.53° 
(-314) 87.9°  0.52° 0.55° 0.52° 0.54°   0.54°  
(-314) 87.9°  0.53°   0.51°     
Table 3.15. FWHMχ measurements for all targets on A7 that yielded FWHMχ measurements. 
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Miller 
Index 
2θ  Target 
near 
cavities 
FWHMχ  
Spall 1 
FWHMχ  
Spall 2 
FWHMχ  
Spall 3 
FWHMχ  
Spall 4 
FWHMχ  
Spall 6 
FWHMχ  
Spall 7 
FWHMχ  
Spall 8 
FWHMχ 
Spall 9 
FWHMχ 
(-114) 88.0° 0.59°         
(-114) 88.2°      0.63°    
(062) 88.3°         0.64° 
(004) 89.9° 0.44°   0.42° 0.44°   0.45°  
(004) 90.0°  0.45° 0.47°       
(-731) 90.4°       0.53°   
Target Lattice Strain  Standard Error of Regression  
Spall 1 0.068% 0.050° 
Spall 3 0.077% 0.048° 
Spall 4 0.073% 0.060° 
Spall 5 0.112% 0.066° 
Spall 8 0.071% 0.065° 
Spall 9 0.078% 0.082° 
 
Table 3.16 Lattice Strain values and errors for pieces of spall from A7 
whose R2 values were greater than 0.75.  
Table 3.15. (continued) FWHMχ measurements for all targets on A7 that yielded FWHMχ measurements. 
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Figure 3.40. Williamson-Hall plot for spall 5 from 
sample A7. Miller indices are labelled. This plot 
corresponds to an ε of 0.112±0.066%. 
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Figure 3.39. GADDS image and example intensity vs χ plot for spall 5 from A7 showing asterism, 
indicating moderate shock. The black diffraction peak in the intensity vs χ plot matches the peak 
surrounded by a yellow box in the GADDS image. The red diffraction peak in the intensity vs χ plot 
matches the peak surrounded by a red box in the GADDS image. The blue diffraction peak in the 
intensity vs χ plot matches the peak surrounded by a blue box in the GADDS image. 
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3.4 B0-B3: Gabbro Samples Shocked by Flat Plate 
Accelerator 
3.4.1 B0: Unshocked Gabbro 
B0 is an unshocked thin section sample from the Bushveld Igneous Complex 
(BIC) gabbro that is identical in composition to samples B1-B3. 
19 spots in B0 have been targeted with XRD (Fig. 3.41). Data collection was 
focused on grains with high relief.  
3.4.1.1 X-ray Diffraction Data for B0 
GADDS images typically showed discrete diffraction spots and/or rings of 
discrete diffraction spots, indicating that the sample is coarse grained and unshocked 
(Fig. 3.42). Most diffraction patterns matched either forsterite and/or enstatite (Fig. 
3.43A). Anorthite was also a common constituent. Targets 5, 13, and 14 showed the 
presence of augite/diopside (Fig. 3.43B).   
4 mm 
Figure 3.41. Composite image of the thin section B0. The 19 spots targeted with XRD are labelled. 
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Miller Index 2θ  Target 5 FWHMχ  Target 13 FWHMχ  
(-221) 34.6° 0.80°  
(241) 59.7° 0.79°  
(-133) 72.9°  0.58° 
(-622) 76.4° 0.84°  
(-622) 76.9°  0.68° 
(-352) 78.8° 0.71°  
(621) 85.2° 0.95°  
(-404) 89.6° 0.92°  
Only target 5 produced a Williamson-Hall plot. Target 5’s Williamson-Hall plot 
gave an ε value of 0.091±0.101% (Fig. 3.43), which is similar to the values given by A0. 
Targets 5 and 13 gave several FWHMχ values (Table 3.17) that were low, indicating low 
shock. The data from B0 can be viewed in Appendix I. 
Table 3.17. Summary of FWHMχ measurements for targets 
5 and 13 in sample B0 
Figure 3.42. GADDS image from target 5 showing 
discrete diffraction spots and a small row of individual, 
indicating that the sample is unshocked.  
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01-073-0264 (C) - Anorthite - Ca(Al2Si2O8) - Triclinic - P-1 (2)
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Figure 3.43. Intensity versus 2θ plots from B0. A) Intensity versus 2θ plot from target 
18 corresponding to forsterite, anorthite, and enstatite. B) Intensity versus 2θ plot for 
target 5 corresponding to the ICDD card #01-88-2376 for augite. 
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3.4.2 B1a: Gabbro Shocked to 30 GPa at 233°K by Flat Plate 
Accelerator 
B1a is a sample of the BIC gabbro that was shocked to 30 GPa at 233°K with an 
FPA. Seven spots were targeted with XRD (Fig. 3.45). Data was focused on grains that 
had high relief.  
3.4.2.1 X-ray Diffraction Data for B1a 
None of the seven spots produced diffraction patterns that matched 
clinopyroxene. 
3.4.2.2 Energy Dispersive X-ray Spectroscopy for B1a 
After failure to identify clinopyroxene by µXRD in sample B1a, the sample was 
studied with Energy Dispersive X-ray Spectroscopy (EDS) in an effort to find the grains 
of clinopyroxene such that they could be targeted with XRD. No clinopyroxene was 
found in sample B1a with EDS. The data from sample B1a can be viewed in Appendix J. 
Figure 3.44. Williamson-Hall plot for B0 target 5. Miller indices 
are labelled. Corresponds to a lattice strain value of 
0.091±0.101%. 
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3.4.3 B1b: Gabbro Shocked to 30 GPa at 293°K by Flat Plate 
Accelerator 
B1b is a sample of the BIC gabbro that was shocked to 30 GPa at 293°K with an 
FPA. 13 spots were targeted by µXRD (Fig. 3.46). Data collection for the first 12 spots 
1.5 mm 
Figure 3.45. Composite image of the thin section B1a. The seven spots targeted by µXRD are labelled. 
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was focused on grains that had high relief. The 13th spot was chosen based on the results 
of EDS.  
 
3.4.3.1 Energy Dispersive X-ray Spectroscopy for B1b 
There was difficulty in identifying significant amounts of clinopyroxene in 
sample B1b using XRD. In order to better identify and target areas with clinopyroxene, 
sample B1b was studied using EDS. 
2 mm 
Figure 3.46. Composite image of the thin section B1b. The 13 spots targeted with XRD are labelled. 
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Two areas with minor amounts of clinopyroxene were identified in B1b (Fig. 
3.47). The area with the most clinopyroxene was targeted with XRD as B1b target 13.  
3.4.3.2 X-ray Diffraction Data for B1b 
GADDS images collected for all targets in B1b showed streaking and therefore 
moderate amounts of SRM (Fig. 3.48). Most intensity versus 2θ patterns matched 
forsterite (Fig. 3.49). Anorthite was also commonly identified. Targets 9, 12, and 13 
produced intensity versus 2θ diffraction patterns that matched diopside (Fig. 3.49). The 
amounts of diopside in these spots however were not high enough to get any SRM 
measurements nor to produce any Williamson-Hall plots. The data from sample B1b can 
be viewed in appendix K.  
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Fig. 3.47. EDS data from target 13 
corresponding to clinopyroxene. 
Fig. 3.48. GADDS image from target 13 showing 
moderate amounts of streaking, indicating 
moderate shock. 
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3.4.4 B2: Gabbro Shocked to 40 GPa at 293°K by Flat Plate 
Accelerator 
B2 is a sample of the BIC gabbro that was shocked to 40 GPa at 293°K with a flat 
plate accelerator. Two spots were targeted with XRD (Fig. 3.50). The first spot was 
chosen  because it was the only crystal grain in the sample. Most of the sample was 
composed of maskelynite. The second spot was chosen based because it was a tiny area 
that showed some birefringence in cross-polarized light in hopes that it would yield data 
corresponding to clinopyroxene.  
01-089-0835 (C) - Diopside ferrian, syn - Ca1.007(Mg0.805Fe0.214)((Si1.75Fe0.241)O6) - Monoclinic - 
01-073-0264 (C) - Anorthite - Ca(Al2Si2O8) - Triclinic - P-1 (2)
01-087-0677 (C) - Forsterite ferroan - (Mg,Fe)2SiO4 - Orthorhombic - Pbnm (62)
Y + 3.0 mm - File: Jenkins_30_293_cpx_01 [001].raw
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Figure 3.49. Intensity versus 2θ pattern for target 13 in sample B1b. Diffraction pattern matches 
forsterite, anorthite, and diopside. 
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3.4.4.1 X-ray Diffraction Data for B2 
Neither of the targets produced diffraction spots that matched clinopyroxene. The 
sample was deemed to be devoid any clinopyroxene. The data from B2 can be viewed in 
Appendix L.  
3.4.5 B3: Gabbro Shocked to 50 GPa at 293°K by Flat Plate 
Accelerator 
B3 is a sample of the BIC gabbro that was shocked to 50 GPa at 293°K with an 
FPA. 
3.4.5.1 Data Collection Parameters for B3 
13 spots were targeted with XRD (Fig. 3.51). The first seven targets were chosen 
as the grains with the highest relief. Targets 8-13 were focused on crystal grains that were 
identified as clinopyroxene. Data collection time was increased for targets 9 and 10 to 
increase the intensity of diffraction peaks and thus produce higher quality data. The data 
collection parameters are summed up in Table 3.18.  
 
Figure 3.50. Microphotograph of the grain  in 
sample B2 focused on with XRD. Taken in 
plane-polarized light. Targets 1 and 2 are 
labelled. 
• 1 
• 2 
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 Targets 1-8 and 11-13 Targets 9 and 10 
 Frame 1  Frame 2  Frame 1  Frame 2  
θ1 (°) 14.5 35.5 14.5 35.5 
θ2 (°) 22 40 22 40 
ω 10 18 10 18 
Collection time (minutes) 60 90 90 120 
3.4.5.2 X-ray Diffraction Data for B3 
GADDS images for B3 showed extensive streaking, indicating high SRM (Fig. 
3.52). Targets 1, 3, 4, 6, and 7, which were on crystal grains that showed darkening in 
plane-polarized light, were found to have intensity versus 2θ plots that matched forsterite 
(Fig. 3.53A). Targets 2 and 5, crystal grains with high relief that did not show darkening, 
produced intensity versus 2θ plots that matched diopside, however also showed forsterite 
due to their narrow width and proximity to the olivine grains (Fig. 3.53B). Targets 8-13 
were focused on those two grains and all showed the presence of diopside.  
1 mm 
Figure 3.51. Composite image of the thin section B3. Taken in plane polarized light. The 13 spots 
targeted with µXRD are labelled. 
Table 3.18 Summary of data collection parameters for B3. 
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Targets 5 and 8-11 produced FWHMχ measurements (Table 3.19). Sample B3 
showed some of the highest FWHMχ values among the samples studied. Targets 5 and 8-
11 produced Williamson-Hall plots (Fig. 3.54). Although R2 values were consistently 
high, target 10’s Williamson-Hall plot had a negative intercept. Because of this negative 
intercept, the ε value from target 10 was considered unreliable and was thus discarded. 
The ε values for the other targets and their errors can be viewed in Table 3.20. All the 
data from sample B3 can be viewed in Appendix M. 
 
 
 
 
 
Miller 
Index 
2θ  Target 5 
FWHMχ  
Target 8 
FWHMχ  
Target 9 
FWHMχ 
Target 10 
FWHMχ 
Target 11 
FWHMχ 
(220) 32.2°  5.93°    
(-221) 34.5°  8.07°    
(-221) 34.7° 2.81°     
(310) 35.2°    3.96°  
(310) 35.3°  2.83°   5.93° 
(-311) 36.0° 6.62°   13.42°  
(510) 58.4°  6.43°    
(621) 84.4°   5.39°   
Table 3.19 Summary of FWHMχ measurements for targets 5 and 8-11 in sample B3. 
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Target ε (%) Standard Error of Regression (%) 
5 0.317 0.120 
8 0.245 0.352 
9 0.160 0.133 
11 0.243 0.106 
 
 
Fig. 3.52. GADDS image target 10 showing high amounts of 
streaking, indicating high shock. 
Table 3.20 Summary of ε values and standard errors 
of regression for targets 5, 8, 9, and 11 in sample B3. 
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Figure 3.53. Intensity versus 2θ patterns for B3. A) Diffraction pattern for target 6 that matches 
forsterite. B) Diffraction pattern for target 9 which matches both forsterite and the ICDD card 
#01-89-0835 for diopside. 
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Figure 3.54. Williamson-Hall plot for B3 target 11. This plot corresponds to a ε 
of 0.243±0.106%. 
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Chapter 4  
4 Calibration Curves 
4.1 Lattice Strain Calibration Curve 
To ensure that the lattice strain (ε) values for the samples shocked with either a 
light gas gun (LGG) or vertical gun (VG) were representative of the peak shock pressures 
they had experienced, only ε values that were from the point of impact were used for the 
calibration curve. The ε values for samples shocked by flat-plate accelerator (FPA) were 
shocked homogeneously and were thus considered representative of the peak shock 
pressures they had experienced regardless of their location within the sample.  These 
representative ε values are listed in Table 4.1 with their standard errors of regression 
(SER). 
The SER values for these ε values are highly variable, with a few being quite small 
(i.e. ±0.017%), whereas others are larger than any of the ε values measured (i.e. 
±0.352%). Most of the SER values are fairly large and typically higher than ε values 
given for unshocked samples. This high error could not be reduced unfortunately. The 
variance in SER values does not appear to be connected to peak shock pressure, as 
samples shocked to different peak shock pressures would often give similar SER values 
(i.e. ±0.101% for A1 which experienced 8 GPa and ±0.106% for B3 which experienced 
50 GPa). Because of this, it was decided that the focus for SER would be on absolute 
error and not relative error. Some of these SER values may indicate ε values that are 
unreliable.. A histogram displaying the variability of SER values among the samples can 
be seen in Fig. 4.1. Most of the SER values cluster together in the ±0.05% to ±0.12% 
range, with a few SER values occurring between ±0.13% and ±0.16%, and one SER value 
being less than ±0.02%. Only two SER values greatly differ from the others and occur 
within the range of ±0.32% to ±0.36%. The two highest SER values (HEXP6 1v run 1 and 
B3 target 8) are both more than twice as high as the third highest SER value (±0.154%). It 
was thus decided that ε values with SER values higher than 0.200% are considered to be 
unreliable and were discarded. The SER value of 0.200% was chosen as the cutoff value 
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as when the third highest SER value of ±0.154% rounded up to the nearest tenth, it 
becomes 0.200%, allowing for the two highest SER values to be separated from the rest of 
the SER values. 
 The final calibration curve can be seen in Fig. 4.2, whose trend line can give an 
equation for calculating the shock pressure experienced by a grain of clinopyroxene. This 
equation is 𝑃 =
𝜀−0.0815
0.0031
, where P is the shock pressure. This equation may also be 
presented as 𝑃 = 327.5467 × 𝜀 − 26.29032. The error associated with any shock 
pressure value determined using this calibration curve is calculated as the standard error 
of the estimate (SEE). The equation for SEE is 𝑆𝐸𝐸 = √
∑(𝑃−𝑃′)2
𝑁
, where N is the number 
of data points on the curve and P is the shock pressure predicted by the calibration curve 
at the lattice strain value of each data point. The SEE for the ε calibration curve is ±12 
GPa. 
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Target Peak Shock Pressure (GPa) ε (%) SER (%) 
A0 target 1 0 0.087 0.068 
A0 target 2 0 0.010 0.145 
A0 target 3 0 0.086 0.055 
A1 target 1 8 0.110 0.097 
A1 target 2 8 0.111 0.111 
A1 target 3 8 0.134 0.101 
A2 target 4d 22 0.110 0.085 
A2 target 6d 22 0.105 0.069 
A2 target 7d 22 0.133 0.094 
A2 target 8d 22 0.123 0.061 
A2 target 12d 22 0.133 0.154 
B0 target 5 0 0.091 0.101 
B3 target 5 50 0.317 0.120 
B3 target 8 50 0.245 0.352 
B3 target 9 50 0.160 0.133 
B3 target 11 50 0.243 0.106 
HEXP6 1v run 1 40 0.243 0.322 
HEXP6 1v run 2 40 0.250 0.017 
Table 4.1. ε values representative of the peak shock pressures 
experienced by each sample and the SER values for each ε. 
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Figure 4.1. Histogram showing variability of SER values for the ε values of the artificially shocked 
samples. 
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Figure 4.2. Lattice strain calibration curve. The standard error of the estimate (SEE) of 
a shock pressure calculated with this curve is ±12 GPa. Error bars represent standard 
error of regression (SER). 
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4.2 Strain-Related Mosaicity Calibration Curve 
To ensure that the strain-related mosaicity (SRM) values for the samples shocked 
with either an LGG or VG were representative, only SRM values that were known to be 
from the center of the impact crater was used for the calibration curve. The SRM values 
for samples shocked by FPA were considered representative of the peak shock pressure 
they had experienced regardless of their location as FPA experiments shock the sample 
homogeneously.  These representative SRM values are listed in Table 4.2 as Full-Width 
Half-Maximum measurements made in chi (FWHMχ). The average FWHMχ (FWHMχave), 
the average FWHMχ of the top 25% of the FWHMχ measurements (FWHMχ25%), and 
standard deviation (SD) for each sample are also reported. If the number of FWHMχ 
measurements was not a factor of four and therefore the number of FWHMχ 
measurements contributing to FWHMχ25% could not be a whole number, the number of 
FWHMχ measurements contributing to FWHMχ25% was then rounded up to the nearest 
whole number (e.g. One quarter of 19 is 4.75, which rounds up to 5). The SD is 
calculated with the following equation: 𝑆𝐷 = √
∑(𝐹𝑊𝐻𝑀𝜒−𝐹𝑊𝐻𝑀𝜒𝑎𝑣𝑒)2
𝑁
, where N is the 
number of FWHMχ measurements that were made for the sample. 
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Target Peak Shock Pressure (GPa) FWHMχ (°) FWHMχave (°) FWHMχ25% (°) SD  (°) N 
A0 target 1 0 0.50 0.58 0.74 0.14 13 
A0 target 1 0 0.54 
A0 target 1 0 0.38 
A0 target 1 0 0.41 
A0 target 2 0 0.54 
A0 target 2 0 0.60 
A0 target 2 0 0.56 
A0 target 2 0 0.58 
A0 target 3* 0 0.94 
A0 target 3* 0 0.71 
A0 target 3* 0 0.69 
A0 target 3* 0 0.62 
A0 target 3 0 0.51 
A1 target 1* 8 2.16 2.16 2.16 N/A 1 
 
 
 
Table 4.2. FWHMχ measurements, FWHMχave, FWHMχ25% , and SD for each sample. 
FWHMχ measurements that contributed to FWHMχ25% are marked with a *. 
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Target Peak Shock Pressure (GPa) FWHMχ (°) FWHMχave (°) FWHMχ25% (°) SD  (°) N 
A2 target 2c 22 0.92 0.99 1.42 0.35 19 
A2 target 3c 22 0.76 
A2 target 3c 22 0.66 
A2 target 3c 22 0.94 
A2 target 3c 22 0.77 
A2 target 3c* 22 1.02 
A2 target 4d 22 1.01 
A2 target 5d* 22 2.17 
A2 target 5d* 22 1.32 
A2 target 5d* 22 1.32 
A2 target 5d 22 0.77 
A2 target 5d 22 0.76 
A2 target 5d 22 0.85 
A2 target 7d 22 0.90 
A2 target 2c 22 0.92 
A2 target 3c 22 0.76 
A2 target 3c 22 0.66 
A2 target 3c 22 0.94 
A2 target 3c 22 0.77 
A2 target 3c* 22 1.02 
A2 target 4d 22 1.01 
A2 target 5d* 22 2.17 
A2 target 5d* 22 1.32 
A2 target 5d* 22 1.32 
A2 target 5d 22 0.77 
A2 target 5d 22 0.76 
A2 target 5d 22 0.85 
A2 target 7d 22 0.90 
A2 target 7d 22 0.76 
A2 target 7d 22 1.02 
A2 target 8d 22 0.89 
 
 
Table 4.2. (continued). FWHMχ measurements, FWHMχave, FWHMχ25% , and SD for each sample. 
FWHMχ measurements that contributed to FWHMχ25% are marked with a *. 
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Target Peak Shock Pressure (GPa) FWHMχ (°) FWHMχave (°) FWHMχ25% (°) SD  (°) N 
A2 target 8d 22 0.70 0.99 1.42 0.35 19 
A2 target 12d* 22 1.29 
B0 target 5 0 0.80 0.78 0.94 0.12 8 
B0 target 5 0 0.79 
B0 target 5 0 0.84 
B0 target 5 0 0.71 
B0 target 5* 0 0.95 
B0 target 5* 0 0.92 
B0 target 13 0 0.58 
B0 target 13 0 0.68 
B3 target 5 50 2.81 6.14 9.37 3.06 10 
B3 target 5* 50 6.62 
B3 target 8 50 5.93 
B3 target 8* 50 8.07 
B3 target 8 50 2.83 
B3 target 8 50 6.43 
B3 target 9 50 5.39 
B3 target 10 50 3.96 
B3 target 10* 50 13.42 
B3 target 11 50 5.93 
HEXP6 1v run 1* 40 9.01 8.12 9.01 1.27 2 
HEXP6 1v run 2 40 7.22 
As shown in Fig. 4.3, the FWHMχ measurements are highly variable, especially 
when considering higher peak shock pressures. This is consistent with FWHMχ 
observations in other minerals (Izawa et al. 2011; McCausland et al. 2010; Pickersgill et 
al. 2015). A sample shocked to 50 GPa may give a FWHMχ value similar to a sample 
shocked at 8 GPa, as shown in Table 4.2, where B3 target 5 (shocked to 50 GPa) gives 
one of its FWHMχ values as 2.81°, which is similar to the 2.16° given by A1 target 1 
(shocked to 8 GPa). However, the maximum FWHMχ value given by a sample always 
increases with peak shock pressure (Table 4.2). Thus, a calibration curve was created 
using only the average of the top 25% of FWHMχ values (Fig. 4.3), as this better 
represents peak shock pressure. Using the SRM calibration curve, the shock pressure 
Table 4.2. (continued). FWHMχ measurements, FWHMχave, FWHMχ25% , and SD for each sample. 
FWHMχ measurements that contributed to FWHMχ25% are marked with a *. 
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experienced by a grain of clinopyroxene may be calculated using the equation =
𝐹𝑊𝐻𝑀𝜒−0.3391
0.1800
 , which may also be written as 𝑃 =
1
0.1800
× 𝐹𝑊𝐻𝑀𝜒 −
0.3391
0.1800
. The error of 
a shock pressure value calculated with this calibration curve is its SEE (𝑆𝐸𝐸 = √
∑(𝑃−𝑃′)2
𝑁
). 
The SEE of the SRM calibration curve is ±8 GPa.  
4.3 Spall 
Among the data collected from targets for the calibration curve, several pieces of 
data from spall were also collected. These pieces of spall came from unknown locations 
relative to the impact crater and thus cannot be used for the calibration curves, however 
their ε values were plotted with the lattice strain calibration curve (Fig. 4.4A) and their 
FWHMχ values were plotted with the strain-related mosaicity calibration curve (Fig. 
4.4B). ε values from spall were typically similar to or lower than the ε values from 
Figure 4.3. Strain-related mosaicity calibration curve. The standard error of the estimate (SEE) of a 
shock pressure calculated with this curve is ±8 GPa.  
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unshocked samples, which seems to indicate that they had experienced a negligible 
amount of shock (Fig. 4.4A). FWHMχ values in spall, however, do not show the same 
pattern. FWHMχ values for spall, especially for those handpicked based on heavily 
fractured appearance (i.e. 31 GPa and 49 GPa spall), tended to show higher FWHMχ 
values than the unshocked samples (Fig. 4.4B). This is partially because some of these 
pieces of spall were studied based on observable steaking in their GADDS images, 
however it is notable that these pieces of spall with the observable streaking did not show 
ε values higher than those from unshocked samples. This could mean that when 
experiencing shock, clinopyroxene will show changes in SRM before showing changes in 
ε, making SRM a more sensitive indicator of shock, especially at lower shock pressures. 
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Figure 4.4. Data from spall plotted with the calibration curves. A) Spall lattice strain 
values plotted with the lattice strain calibration curve. B) Spall FWHMχ values plotted 
with the strain-related mosaicity calibration curve. 
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Chapter 5  
5 Application to Martian Meteorites 
5.1 Nakhla 
 Nakhla is a clinopyroxenite that has experienced low to moderate shock and has 
the shock stage U-S4. It has experienced about 14-28 GPa of peak shock pressure 
according to its shock stage (Stöffler et al. 2018). Jenkins et al. (2019) has found that it 
had experienced a peak shock pressure of 18.0±0.6 GPa by applying the lattice strain 
method to olivine. 
 19 clinopyroxene grains in a thin section of Nakhla (USNM-426-2) were targeted 
with in situ micro X-ray diffraction (µXRD). These grains were identified based on being 
Figure 5.1. Image of the thin section of a Nakhla with targeted grains 
labelled. Image was taken with the camera on the µXRD. 
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large crystal grains about 500 µm in size that were not surrounded by iddingsite, which 
appears brown to the naked eye (Fig. 5.1). These grains also often had two visible 
directions of cleavage at 90°.  
5.1.1 X-Ray Diffraction Data for Nakhla 
All crystal grains produced usable XRD data. Most General Area Detector 
Diffraction System (GADDS) images showed low to moderate amounts of streaking and 
asterism along Debye rings (Fig. 5.2). The amount of  streaking and asterism varied from 
crystal grain to crystal grain, showing the heterogeneity of shock metamorphism. This 
indicates that Nakhla experienced low to moderate amounts of shock. 
All intensity versus 2θ plots matched the International Centre for Diffraction Data 
(ICDD) card #01-78-1391 for augite (Fig. 5.3). Intensity versus 2θ plots were sometimes 
shown to also match varieties of plagioclase (albite and/or anorthite), pigeonite, olivine, 
and/or pyrrhotite. These were neighboring grains detected by the beam.  
At least one Full-Width Half-Maximum (FWHMχ) measurement of streaking 
along Debye rings in chi was produced for all clinopyroxene grains, as reported in Table 
5.1. 
A B 
Figure 5.2. GADDS images for clinopyroxene grains in Nakhla and inset images of targeted grains. A) 
GADDS image for target 15 in Nakhla showing low amounts of streaking and asterism along Debye rings, 
indicating low shock. B) GADDS image for target 19 in Nakhla showing moderate amounts of streaking 
and asterism, indicating moderate shock. 
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Figure 5.3. Intensity versus 2θ plot for target 18 in Nakhla, which corresponds to the *.raw file 
Jenkins_Nakhlapx_2_08.raw. It matches the ICDD cards for olivine, albite, and the #01-78-1391 
card for augite. 
Most of the targets produced usable Williamson-Hall plots (Fig. 5.4), except 
targets 3 and 10. Target 12 produced a Williamson-Hall plot that had a negative slope and 
was thus discarded. The lattice strain (ε) values for the targets are reported in Table 5.2. 
The data from Nakhla can be viewed in Appendix N. 
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Miller 
Index 
2θ  Target 1 
FWHMχ  
Target 2 
FWHMχ  
Target 3 
FWHMχ  
Target 4 
FWHMχ  
Target 5 
FWHMχ  
Target 6 
FWHMχ  
Target 7 
FWHMχ  
(020) 23.1°       1.15° 
(021) 31.0°  0.58°   1.16°   
(-221) 34.7° 3.96°       
(-311) 36.0° 1.78°       
(-131) 40.6°    0.76°    
40.7°  0.65° 1.03°     
(221) 41.8°    0.86°    
(400) 44.9°  0.79°      
(311) 45.9°    0.71°    
(022) 48.0°    0.56° 1.05° 0.80°  
(-331) 49.4° 2.86°       
(041) 51.9°  0.86°      
(-132) 53.9°    0.55°    
54.0°      0.72°  
(222) 58.4°    0.85°    
(-512) 62.4°    0.60°    
(600) 69.9°       1.15° 
(-602) 71.4°    0.55°    
(-133) 73.0°     1.24°   
(620) 74.8°     0.87°   
(-513) 76.1°    0.69°    
(-711) 81.1°     1.04°   
(043) 83.5°     0.99°   
(-712) 84.2°    0.62°    
(710) 85.1°    0.70°   2.02° 
(-114) 88.2°  1.31°      
(-404) 89.7°   1.07°     
(-731) 90.3°       1.11° 
90.4°   1.19°     
(-153) 91.7° 4.92°       
(-353) 93.4°      0.96°  
(532) 94.3°   0.96°     
(800) 99.6°    0.62°    
 
Table 5.1 FWHMχ measurements for all targets in Nakhla  FWHMχ measurements for a l targets in Nakhla. 
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Miller 
Index 
2θ  Target 8 
FWHMχ  
Target 9 
FWHMχ  
Target 10 
FWHMχ  
Target 11 
FWHMχ  
Target 12 
FWHMχ  
Target 13  
FWHMχ  
Target 14  
FWHMχ  
(020) 23.1°     1.64°   
(021) 31.0° 0.71°   0.83°   1.05° 
(-221) 34.8°      0.95°  
(310) 35.4°     1.53°   
(-131) 40.8° 0.71°    0.86°  1.43° 
(221) 41.8° 1.05°       
(400) 45.0°      0.79°  
(112) 47.7° 1.83°       
(022) 47.9°     0.68°   
(041) 51.9° 0.54°       
(331) 57.6°     1.12°   
(-113) 63.2°  0.73°      
(-151) 64.0° 0.55°       
(350) 70.3°     1.12°   
(531) 78.0°  0.87°      
(-711) 81.1°   0.53° 0.68°    
81.2°       1.00° 
(043) 83.5°    1.12°    
(-712) 84.2°  0.58°      
(710) 85.1°      0.95°  
(-533) 85.5°  1.07°      
(-443) 87.3°       1.01° 
(062) 88.4° 0.46°      1.03° 
(532) 94.5° 0.53°       
(551) 96.4°      0.79°  
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Miller 
Index 
2θ  Target 15 
FWHMχ  
Target 16 
FWHMχ  
Target 17 
FWHMχ  
Target 18 
FWHMχ  
Target 19 
FWHMχ  
(111) 28.4°    1.03° 1.52° 
(021) 31.0°   0.77°   
(-311) 35.9° 0.76°     
(130) 36.7°  0.90°    
(-131) 40.8° 1.02°     
(311) 46.0° 1.58°     
(330) 49.0°   0.89°   
(240) 52.7° 1.14°     
(150) 61.1°  0.68°    
(-223) 66.7°     2.60° 
(242) 73.7°  0.63°    
(351) 77.4° 1.06°     
(531) 78.0°  0.56°    
(223) 80.5°   0.80°  2.77° 
(-713) 94.6° 1.35°  0.59° 0.85°  
 
 
 
Table 5.1 (continued) FWHMχ measurements for all targets in Nakhla 
Figure 5.4. Williamson-Hall plot for Nakhla target 4. Corresponds to a 
lattice strain value of 0.128±0.075%. Miller indices are labelled 
y = 0.5114x + 0.1789
R² = 0.939
0
0.1
0.2
0.3
0.4
0.5
0.6
0.7
0.8
0 0.2 0.4 0.6 0.8 1
β
tanθ
(220) 
(221) 
(311) 
(222) 
(710) 
115 
 
Target ε (%) Standard Error of Regression (%) 
1 0.098 0.113 
2 0.096 0.092 
4 0.128 0.075 
5 0.066 0.119 
6 0.051 0.041 
7 0.095 0.028 
8 0.088 0.073 
9 0.051 0.091 
11 0.081 0.068 
13 0.085 0.079 
14 0.093 0.062 
15 0.098 0.092 
16 0.066 0.086 
17 0.076 0.124 
18 0.107 Not enough data points to calculate error 
19 0.080 0.167 
 
Table 5.2. ε measurements and standard error of regression 
for targets in Nakhla. 
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5.1.2 Peak Shock Pressure Calculations Using Strain-Related 
Mosaicity 
Shock pressure calculations vary between crystal grains. To ensure that the crystal 
grain with the most FWHMχ measurements does not dominate the peak shock pressure 
calculations, the average of the top 25% of FWHMχ measurements (FWHMχ25%) for each 
crystal grain was calculated (Table 5.3) before calculating the shock pressure (P) for each 
grain. FWHMχ25% was used instead of the average FWHMχ because the SRM calibration 
curve uses FWHMχ25% to account for the variability of FWHMχ. The shock pressure 
given by each grain was calculated using the strain-related mosaicity (SRM) calibration 
curve (Chapter 4, Fig. 4.3), where 𝑃 =
𝐹𝑊𝐻𝑀𝜒−0.3391
0.1800
. The error of each shock pressure 
calculation is ±8 GPa. The calculated shock pressures are summarized in Table 5.3. Since 
there were 19 shock pressure calculations, the top 25% of shock pressure calculations are 
represented by the five highest shock pressures. The average of the top 25% of shock 
pressure calculations yields the peak shock pressure. Nakhla gave a peak shock pressure 
of 12±8 GPa using the SRM calibration curve which is within error with both Jenkins et 
al.’s (2019)’s results and its shock stage (U-S4). 
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Target FWHMχ25% (°) Shock Pressure (GPa) 
1* 4.92 25 
2 1.09 4 
3 1.19 5 
4 0.82 3 
5 1.20 5 
6 0.96 3 
7* 2.02 9 
8 1.44 6 
9 1.07 4 
10 0.53 1 
11 1.12 4 
12* 1.59 7 
13 0.95 3 
14 1.24 5 
15* 1.47 6 
16 0.90 3 
17 0.89 3 
18 1.03 4 
19* 2.77 14 
Average of Top 25% 2.55 12 
5.1.3 Peak Shock Pressure Calculations Using Lattice Strain 
As only one ε measurement could be obtained for each grain, there wasn’t any 
chance of one grain dominating the data set by giving the most measurements. The P 
each grain gives was calculated using the ε calibration curve, where 𝑃 =
𝜀−0.0815
0.0031
 
(Chapter 4, Fig. 4.2). The error of each shock pressure calculation is ±12 GPa. These 
results are summarized in Table 5.4. Since there were 16 ε calculations, the top 25% of 
the shock pressures given is represented by the four highest shock pressure values. The 
average of the top 25% is the peak shock pressure. Nakhla gives a peak shock pressure of 
8±12 GPa with the ε calibration curve which is within error of both Jenkins et al.’s 
(2019)’s results and its shock stage (U-S4). 
Table 5.3. FWHMχ25% and the shock pressure calculated for 
each target in Nakhla. The top 25% of shock pressure 
calculations are represented by a *. 
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Target ε (%) Shock Pressure (GPa) 
1* 0.098 5 
2 0.096 5 
4* 0.128 15 
5 0.066 -5 
6 0.051 -10 
7 0.095 4 
8 0.088 2 
9 0.051 -10 
11 0.081 0 
13 0.085 1 
14 0.093 4 
15* 0.098 5 
16 0.066 -5 
17 0.076 -2 
18* 0.107 8 
19 0.080 0 
 
Table 5.4. ε and the shock pressure calculated for 
each target in Nakhla. The top 25% of shock 
pressure calculations are represented by a *. 
119 
 
5.2 Zagami 
 Zagami is a gabbro that has experienced moderate shock and has the shock stage 
M-S4. It has experienced about 28-45 GPa of peak shock pressure according to its shock 
stage (Stöffler et al. 2018). Fritz et al. (2003) have found that it had experienced a peak 
shock pressure of 29.6±0.6 GPa. 
 50 clinopyroxene grains in a thin section of Zagami were targeted with in situ 
micro X-ray diffraction (µXRD). Targets 1-17 were collected in 2016 as part of a 
previous project. These grains were identified based on being large, crystal laths about 
0.5 to 2 mm in length (Fig. 5.5). The parameters are summarized in Table 5.5.  
Figure 5.5. Image of the thin section of a Zagami with targeted grains labelled. Image was taken 
with the camera on the µXRD. 
4 mm 
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 Targets 1-17 Targets 17-50 
 Frame 1 Frame 2 Frame 1 Frame 2 
θ1 (°) 14.5 35.5 14.5 35.5 
θ2 (°) 22 40 22 40 
ω 10 18 10 18 
Collection time (minutes) 15 25 60 90 
5.2.1 X-Ray Diffraction Data for Zagami 
All GADDS images showed moderate amounts of streaking and asterism along 
the Debye rings (e.g. Fig. 5.6), indicating that Zagami had experienced moderate amounts 
of shock loading. 
Table 5.5 Summary of µXRD data collection parameters for Zagami. 
Figure 5.6. GADDS image for target 39 in Zagami showing moderate streaking along 
Debye rings, indicating moderate shock. 
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Most targets matched the ICDD #01-78-1391 card for augite (Fig. 5.7). Pigeonite 
was also observed in most of the targets. Although not a major constituent of Zagami, 
like pigeonite, whitlockite was commonly observed as well. Other minerals were also 
observed are maghemite, titanomagnetite, and ilmenite. Only targets 6 and 37 did not 
match augite, matching only pigeonite, whitlockite, maghemite, and/or titanomagnetite. 
Because of the presence of pigeonite, a low-Ca clinopyroxene, it was difficult to 
pick out diffraction peaks unique to augite. Out of the 50 targets, only 28 targets 
produced FWHMχ measurements. These FWHMχ measurements are summarized in Table 
5.6. Only 12 targets gave sufficient data to produce Williamson-Hall plots (Fig. 5.8). 11 
out of 12 Williamson-Hall plots gave usable ε values (Table 5.7). Target 41’s 
Williamson-Hall plot gave a negative slope and was discarded. 
Figure 5.7. Intensity versus 2θ plot of target 12 in Zagami, matching the ICDD cards for augite, 
pigeonite and whitlockite. 
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Miller 
Index 
2θ  Target 2 
FWHMχ  
Target 4 
FWHMχ  
Target 7 
FWHMχ  
Target 16 
FWHMχ  
Target 18 
FWHMχ  
Target 22 
FWHMχ  
Target 23 
FWHMχ  
Target 25 
FWHMχ 
(021) 
31.3°       5.52°  
31.4°  4.62°       
(220) 32.1º 6.10º   7.59°     
(-221) 34.5°  4.09°       
(310) 35.4°        5.38° 
(221) 
41.6°   4.30°      
41.7°      3.67°   
41.8°     5.39°    
(-331) 49.3º 8.82°        
(530) 68.9°    3.46°     
(-133) 72.9°      6.08°   
(531) 78.2°    6.99°     
(-711) 81.4°       6.91°  
Miller 
Index 
2θ  Target 26 
FWHMχ  
Target 27 
FWHMχ  
Target 28 
FWHMχ  
Target 29 
FWHMχ  
Target 31 
FWHMχ  
Target 32 
FWHMχ  
Target 33 
FWHMχ  
Target 34 
FWHMχ 
(310) 35.4°     3.42°    
(-311) 35.9°        8.98° 
(002) 41.3°     6.57°    
(221) 
41.6°      3.74°   
41.7°  4.98°       
41.8° 4.68°        
(-241) 54.9°    7.57°     
(331) 57.6°   6.25°      
(042) 64.5°       3.95°  
(-133) 73.0°    9.29°     
(060) 73.9°   4.72°      
(-333) 74.9°       3.11°  
(-352) 78.7°       4.61°  
(-153) 91.9°      3.03°   
Table 5.6 FWHMχ measurements for augite for all targets in Zagami 
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Miller 
Index 
2θ  Target 
35 
FWHMχ  
Target 
38 
FWHMχ  
Target 
39 
FWHMχ  
Target 
40 
FWHMχ  
Target 
41 
FWHMχ  
Target 
42 
FWHMχ  
Target 
44 
FWHMχ  
Target 
45 
FWHMχ 
(111) 28.4°    2.48°     
(-221) 34.7°  3.97°       
(-311) 35.8°    4.04°     
(002) 41.3°       5.44°  
(221) 41.8°        4.75° 
(400) 44.5°        3.04° 
(311) 
45.9°   5.35°      
46.0°     1.48°    
(-331) 49.5°    5.18°     
(331) 57.4°     6.75°    
(600) 70.1°  6.77°       
(441) 75.7°        4.99° 
(-513) 75.9°     6.81°    
(-533) 85.3°       8.32°  
(-114) 88.1°      7.64°   
(442) 91.2°        6.75° 
(-153) 92.0° 4.87°        
(532) 94.0°        6.53° 
Miller 
Index 
2θ  Target 46 
FWHMχ  
Target 47 
FWHMχ  
Target 48 
FWHMχ  
Target 49 
FWHMχ  
(-221) 34.8°  5.95°   
(130) 36.6°  5.47°   
(221) 41.8°   3.89° 5.87° 
(311) 46.1°  5.71°   
(112) 47.6° 5.99°    
(-133) 73.0°    1.55° 
(-513) 75.8°  4.76°   
(261) 84.1°    5.06° 
Table 5.6  (continued) FWHMχ measurements for all targets in Zagami 
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Table 5.7. ε measurements and standard error of regression 
for targets in Zagami. 
y = 0.86x + 0.1211
R² = 0.7991
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Figure 5.8. Williamson-Hall plot for Zagami target 22. Corresponds to a lattice strain 
value of 0.215±0.305%. Miller indices are labelled. 
(221) 
(311) 
(-133) 
(-711) 
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5.5.2 Peak Shock Pressure Calculations Using Strain-Related 
Mosaicity  
The average of the FWHMχ25% for each crystal grain was calculated (Table 5.8) in 
order to calculate the P each grain gives using the SRM calibration curve (Chapter 4, Fig. 
4.3). Since there were 28 shock pressure calculations, the top 25% of shock pressure 
calculations is represented by the seven highest shock pressures. The average of the top 
25% of shock pressure calculations is the peak shock pressure. Zagami gave a peak shock 
pressure of 44±8 GPa using the SRM calibration curve (Chapter 4, Fig. 4.3) which is 
within error of its shock stage (U-S5), but not with Fritz et al.’s (2005) results. 
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Target FWHMχ25% (°) Shock Pressure (GPa) 
2* 8.82 47 
4 4.62 24 
7 4.30 22 
16* 7.59 40 
18 5.39 28 
22 6.08 32 
23* 6.91 37 
25 5.38 28 
26 4.38 22 
27 4.98 26 
28 6.25 33 
29* 9.29 50 
31 6.57 35 
32 3.74 19 
33 4.61 24 
34* 8.98 48 
35 4.87 25 
38 6.77 36 
39 5.35 28 
40 5.18 27 
41 6.81 36 
42* 7.64 41 
44* 8.32 44 
45 6.64 35 
46 5.99 31 
47 5.95 31 
48 3.89 20 
49 5.87 31 
5.2.3 Peak Shock Pressure Calculations Using Lattice Strain 
The P each grain gives was calculated using the ε calibration curve (Chapter 4, 
Fig. 4.2). These results are summarized in Table 5.9. Since there were 10 ε calculations, 
Table 5.8. FWHMχ25% and the shock pressure 
calculated for each target in Zagami. The top 
25% of shock pressure calculations are 
represented by a *. 
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the top 25% of the shock pressures given is represented by the three highest shock 
pressure values. The average of the top 25% is the peak shock pressure. Zagami gives a 
peak shock pressure of 36±12 GPa with the ε calibration curve (Chapter 4, Fig. 4.2) 
which is within error of both Fritz et al.’s (2003)’s results and its shock stage (U-S5). 
 
Target ε (%) Shock Pressure (GPa) 
2 0.127 15 
16 0.033 -16 
22* 0.215 43 
23* 0.189 35 
26 0.117 11 
32 0.166 27 
38 0.084 1 
44* 0.177 31 
45 0.136 18 
47 0.087 2 
49 0.091 3 
5.3 ALHA 77005 
 ALHA 77005 is a poikilitic wehrlite that has experienced high shock loading and 
has the shock stage U-S6. It has experienced about 50-70 GPa of peak shock pressure 
according to its shock stage (Stöffler et al. 2018). 
Table 5.9. ε and the shock pressure calculated for 
each target in Zagami. The top 25% of shock 
pressure calculations are represented by a *. 
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 Because the sample had an uneven morphology, it was placed into a nest of tinfoil 
in order to keep the sample still and provide a relatively level surface to target. 32 
crystals grains were targeted with µXRD (Fig. 5.9). These crystals were chosen based on 
them being light green/brown grains that were at a high “elevation” to ensure that the X-
rays can easily make it to the intended target and be diffracted into the detector.  
5.3.1 X-Ray Diffraction Data for ALHA 77005 
All GADDS images showed high amounts of streaking and asterism along Debye 
rings (Fig. 5.10A), indicating that ALHA 77005 had experienced high amounts of shock 
loading. Targets 15, 16, 19, and 28 showed discreate spots in their GADDS images, 
indicating the presence of unshocked material (Fig. 5.10B).  
All targets matched augite and/or pigeonite (Fig. 5.11). Forsterite was commonly 
found in many targets. Whitlockite and chromite were also observed in some targets. The 
targets with augite matched the ICDD card #01-82-1227. The discrete diffraction spots 
that indicate unshocked material matched forsterite. This is evidence of post-shock 
recrystallization of olivine. 
Because of the difficulty to differentiate pigeonite and augite visually, only 19 out 
of 32 targets produced diffraction patterns that matched augite. Out of these 19 
diffraction patterns, 15 targets were able to give FWHMχ measurements for determining 
SRM (Table 5.10). 10 targets were able to produce Williamson-Hall plots (Fig. 5.12), 
however two of these Williamson-Hall plots, from targets 18 and 31, gave negative 
intercepts and thus were discarded. The ε values produced from the eight successful 
Williamson-Hall plots are summed up in Table 5.11. 
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A B 
Figure 5.10. GADDS images from example targets in ALHA 77005 with inset images of targeted 
grains. A) GADDS image from target 5 showing high amounts of streaking along Debye rings, 
indicating high amounts of shock. B) GADDS image from target 28 showing both extensive amounts 
of streaking along Debye rings as well as discrete diffraction spots, indicating the presence of both 
highly shocked material and unshocked material. 
Figure 5.11. Intensity versus 2θ plot for target 5 in ALHA 77005, which corresponds 
to the *.raw file Jenkins_ALH77005px_05.raw. It matches the ICDD cards for 
forsterite, pigeonite, and the #01-82-1227 card for augite. 
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Figure 5.12. Williamson-Hall plot for ALH 77005 target 28. Corresponds to a lattice 
strain value of 0.255±0.087%. Miller indices are labelled. 
y = 1.0186x + 0.4321
R² = 0.9857
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Miller 
Index 
2θ  Target 3 
FWHMχ  
Target 4 
FWHMχ  
Target  9 
FWHMχ  
Target  10 
FWHMχ  
Target 11 
FWHMχ  
Target 13 
FWHMχ  
Target  18 
FWHMχ  
(021) 
31.3°  6.23°      
31.4°       8.04° 
(220) 32.8°  7.29°      
(-221) 34.6°       13.64° 
(310) 36.0°      8.04°  
(130) 37.1°   4.22°     
(-131) 41.1°  13.19° 8.22° 8.96° 7.02°   
(221) 42.5°     7.85°   
(041) 
52.4° 7.51°     13.39°  
52.5°    8.46°    
52.6°   8.26°     
(202) 53.9°      8.88°  
(-241) 55.5°     8.47°   
(-242) 64.8°       9.10° 
(332) 74.4°     7.66°   
Miller 
Index 
2θ  Target 19 
FWHMχ  
Target 21 
FWHMχ  
Target  24 
FWHMχ  
Target  25 
FWHMχ  
Target 27 
FWHMχ  
Target 28 
FWHMχ  
Target  29 
FWHMχ  
(021) 
31.3°  7.07°  6.48°    
31.4°     6.41°   
31.5°   6.86°     
(220) 
32.7°     7.91°   
32.8°    8.11°    
(-221) 
34.7°       7.03° 
34.8°      5.39°  
35.0° 3.85°       
(112) 48.2° 6.85°       
(-313) 64.6°       5.57° 
(-242) 64.8°  7.84°  7.52°    
(-711) 
81.9°      9.88°  
82.0°    7.18° 8.72°   
(062) 89.5°      8.98°  
Table 5.10 FWHMχ measurements for 15 targets corresponding to augite in ALHA 77005. 
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Miller Index 2θ  Target 31 FWHMχ  
(021) 31.4° 6.43° 
(220) 32.8° 7.70° 
(221) 42.6° 5.92° 
(-711) 82.0° 7.95° 
Target ε (%) Standard Error of Regression (%) 
3 0.304 0.313 
4 0.260 0.158 
9 0.106 0.475 
10 0.398 0.184 
11 0.274 0.316 
21 0.310 Not enough data points to calculate error 
28 0.255 0.087 
29 0.320 Not enough data points to calculate error 
5.3.2 Peak Shock Pressure Calculations Using Strain-Related 
Mosaicity 
 The average of the FWHMχ25% for each grain was calculated (Table 5.12) in 
order to calculate the P given by each grain. Since there were 15 shock pressure 
Table 5.10 (continued) FWHMχ measurements for 15 targets 
corresponding to augite in ALHA 77005. 
 
Table 5.11. ε measurements and standard error of regression 
for the eight successful targets in ALHA 77005. 
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calculations, the top 25% of shock pressure calculations is represented by the four highest 
shock pressures. The average of the top 25% of shock pressure calculations is the peak 
shock pressure. ALHA7005 gave a peak shock pressure of 68±8 GPa using the SRM 
calibration curve (Chapter 4, Fig. 4.3) which falls within its shock stage (U-S6; 50-70 
GPa). 
 
 
Target FWHMχ25% (°) Shock Pressure (GPa) 
3 7.51 40 
4* 13.19 71 
9 8.26 44 
10 8.96 48 
11* 8.47 73 
13* 13.39 74 
18 6.85 36 
19 7.84 42 
21 6.86 36 
24 8.11 43 
27 8.72 47 
28* 9.88 53 
29 7.03 37 
31 7.95 42 
 
 
5.3.3 Peak Shock Pressure Calculations Using Lattice Strain 
 The P given by each grain was calculated using the ε calibration curve (Chapter 
4, Fig. 4.2). These results are summarized in Table 5.13. Since there were eight ε 
calculations, the top 25% of the shock pressures given is represented by the two highest 
shock pressure values. The average of the top 25% is the peak shock pressure. ALHA 
Table 5.12. FWHMχ25% and the shock pressure 
calculated for each target in ALHA 77005. The top 
25% of shock pressure calculations are represented 
by a *. 
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77005 gives a peak shock pressure of 90±12 GPa with the ε calibration curve (Chapter 4, 
Fig. 4.2) which is not within error of its shock stage (U-S6). 
Target ε (%) Shock Pressure (GPa) 
3 0.304 72 
4 0.260 58 
9 0.106 8 
10* 0.398 102 
11 0.274 62 
21 0.310 74 
28 0.255 56 
29* 0.320 77 
  
Table 5.13. ε and the shock pressure 
calculated for each target in ALHA 
77005. The top 25% of shock pressure 
calculations are represented by a *. 
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Chapter 6 
6 Discussion 
6.1 Strain Related Mosaicity 
The strain-related mosaicity (SRM) calibration curve for clinopyroxene worked 
well for Nakhla and ALHA 77005. For Nakhla, the calculated peak shock pressure of 
12±8 GPa (Fig. 6.1) was within error of both its shock stage (U-S3;15-28 GPa; Stöffler 
et al. 2018) and the peak shock pressure value of 18.0±0.6 GPa determined by Jenkins 
et al. (2019) using olivine. For ALHA 77005, the calculated peak shock pressure value 
of 68±8 GPa (Fig. 6.1) matched its shock stage (U-S5; 50-70 GPa; Stöffler et al. 2018). 
The SRM calibration curve did not work well for Zagami, however. The calculated peak 
shock pressure of 44±8 GPa (Fig. 6.1), although falling within its shock stage (M-S4; 
28-45 GPa; Stöffler et al. 2018), was not within error of the peak shock pressure value 
of 29.2±0.6 GPa determined by Fritz et al. (2005) using feldspathic glass. The SRM 
calibration curve seems to work well at low shock pressures but fails at moderate shock 
pressures. Although it appears to work at high peak shock pressures, it is important to 
note that ALHA 77005’s shock stage covers a wide range of peak shock pressures; the 
fact that ALHA 77005’s calculated peak shock pressure fell within its shock stage may 
not be indicative of success at high peak shock pressures.  
There are two possible reasons why the SRM calibration curve failed at 
moderate peak shock pressures: 1)  the assumption that the trend line is linear is 
incorrect, or 2) the slope of the trend line is incorrect due to a lack of data, as SRM is 
highly variable, especially at high shock pressures. If there is not enough data, higher 
FWHMχ values may not be adequately sampled at higher peak shock pressures, leading 
to a calibration curve whose slope is not as steep as it should be. 
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To investigate these possibilities, FWHMχ measurements from Zagami and 
Nakhla were plotted against the peak shock pressure values determined for them by 
Fritz et al. (2005) and Jenkins et al. (2019) (Fig. 6.2), with Zagami assumed to have a 
peak shock pressure of 29.2 GPa and Nakhla is assumed to have a peak shock pressure 
of 18.0 GPa. The FWHMχ measurements from the experimentally shocked samples 
were plotted at these assumed pressures. With Nakhla and Zagami’s FWHMχ values 
shown in addition to the FWHMχ measurements from the experimentally shocked 
samples, maximum FWHMχ appears to continue to increase linearly with peak shock 
pressure. This implies that the assumption regarding the trend line of the SRM 
calibration curve being linear is correct, but that the slope of the SRM calibration curve 
is incorrect due to a lack of data.  
y = 0.18x + 0.3391
R² = 0.8679
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Fig. 6.1. The SRM calibration curve with the peak shock pressure calculated for each meteorite 
(Chapter 5). The vertical error bars are the standard deviation of FWHMχ values for each meteorite, 
while the horizontal error bars represent the standard error of the estimate of ±8 GPa for the calibration 
curve. 
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6.2 Lattice Strain 
 The standard error of regression (SER) used to differentiate between reliable and 
unreliable data points for creating the lattice strain calibration curve was 0.200%. Any 
data point from an experimentally shocked sample that had a SER above 0.200% was 
discarded to ensure that the calibration curve was as accurate as possible (see Chapter 4). 
This was not often case for meteorite samples. Only Nakhla produced Williamson-Hall 
plots whose SER‘s were below 0.200% on a regular basis. Despite targeting 50 
clinopyroxene grains with in situ micro X-ray diffraction, Zagami produced only one 
Williamson-Hall plot whose SER was below 0.200%. ALHA 77005 also had Williamson-
Hall plots with high SER‘s, producing only three Williamson-Hall plots with SER‘s below 
0.200%. This is due to the meteorites being composed of multiple minerals, making it 
difficult to pick out peaks unique to augite, especially when making Williamson-Hall 
plots. This often resulted in Williamson-Hall plots made of few data points and lacking 
precision. Nakhla was the exception, as it is a clinopyroxenite and had few targeted areas 
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Figure 6.2. Plot comparing the FWHMχ measurements from Nakhla and Zagami to the FWHMχ 
measurements from the experimentally shocked samples. The FWHMχ measurements for Nakhla and 
Zagami are plotted against the peak shock pressures determined by Jenkins et al. (2019) and Fritz et al. 
(2005), respectively. The plot shows a linear relationship for the maximum FWHMχ values; however, a 
calibration curve cannot be derived from this plot as the peak shock pressures for Nakhla and Zagami 
are derived from minerals that are not clinopyroxene (olivine and plagioclase, respectively).  
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with this problem. The 0.75 cutoff for R2 values and the 0.200% cutoff for SER could not 
be applied to the meteorite samples or else there would not be enough data points to 
calculate a peak shock pressure for Zagami and ALHA 77005. Instead for meteorites, 
lattice strain values were only discarded if its R2 value was less than 0.5, and there was 
no cutoff for SER.  
 Despite this issue with the lattice strain values having high SER, the lattice strain 
calibration curve worked well for both Nakhla and Zagami. Nakhla gave a peak shock 
pressure of 8±12 GPa (Fig. 6.3) using the lattice strain calibration curve (Chapter 4, Fig. 
4.2), which was within error of its shock stage (U-S3), the peak shock pressure value of 
18.0±0.6 GPa given by Jenkins et al. (2019), and the results of the SRM calibration curve 
(12±8 GPa). Zagami gave a peak shock pressure of 36±12 GPa (Fig. 6.3) using the lattice 
strain calibration curve (Chapter 4, Fig. 4.2), which falls within its shock stage and is 
within error of the peak shock pressure of 29.2±0.6 GPa determined by Fritz et al. (2005).  
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Figure 6.3. The ε calibration curve with the peak shock pressure calculations for each meteorite 
(Chapter 5) plotted against their calculated peak shock pressures. The vertical error bars for the 
calibration curve is the standard error of regression for each ε value. The vertical error bars for the 
meteorites is the standard deviation of measured ε values, while the horizontal error bars are the 
standard error of the estimate for the calibration curve. 
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 The calibration curve does not appear to work for ALHA 77005, however, as it 
gave a peak shock pressure of 90±12 GPa (Fig. 6.3), which is not within error of its shock 
stage. This high peak shock pressure value could be the result of ALHA 77005 giving 
few Williamson-Hall plots. Out of the three meteorites, ALHA 77005 produced the least 
number of Williamson-Hall plots, giving only eight lattice strain measurements. Fewer 
lattice strain values contributed to its peak shock pressure calculation, increasing the 
chances for error. One of the shock pressure values (ALHA 77005 target 10) contributing 
to the peak shock pressure calculation (the average of the top 25% of shock pressure 
values) gave a shock pressure value of 102 GPa, which was over 20 GPa higher than the 
next highest calculated shock pressure value of 77 GPa (given by ALHA 77005 target 
29). This 102 GPa value could be an outlier, leading to the peak shock pressure 
calculation that is too high. If this 102 GPa value is discarded, the peak shock pressure 
becomes 76±12 GPa, which is within error of its shock stage. Large quantities of data are 
therefore important for the lattice strain calibration curve to be effective.  
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Chapter 7 
7 Conclusion 
Both lattice strain and strain-related mosaicity increase with the increase in peak 
shock pressure experienced by a shocked rock. Two calibration curves based on methods 
developed by Uchizono et al. (1999) and Izawa et al. (2011) were created using in situ 
micro X-ray diffraction. The purpose of these calibration curves was to quantify the peak 
shock pressure experienced by clinopyroxene. These calibration curves, after creation, 
were then applied to three martian meteorites (Nakhla, Zagami, and ALHA 77005) to 
assess their accuracy by comparing their results to the shock stages of these meteorites 
(Stöffler et al. 2018) and to their peak shock pressure values as determined by other 
methods in the literature (Jenkins et al. 2019; Fritz et al. 2005). 
Samples that were experimentally shocked with a light gas gun or a vertical gun 
showed more asterism than those shocked with a flat plate accelerator. The samples 
shocked by light gas gun or vertical gun that produced data usable for the calibration 
curves were shocked at low to moderate peak shock pressures, while samples shocked 
with a flat plate accelerator were shocked to high peak shock pressures. The higher 
prevalence of asterism in samples shocked with the light gas gun and vertical gun could 
indicate that gas gun, vertical gun, or similar methods are more likely to induce asterism. 
This could also mean that asterism is more likely to occur at lower peak shock pressures 
than at higher peak shock pressures. More experimentation with these methods would be 
needed in order to determine if the method of shocking the sample or the level of shock 
the sample experienced affects whether or not a sample displays distinct asterism. 
Asterism displayed in sample EXP2 appeared and disappeared depending on 
orientation. This suggests that the observation of asterism may be dependent on 
orientation. The sum of the FWHMχ values from a diffraction peak that shows asterism is 
also far higher than the FWHMχ value from a diffraction peak from the same sample that 
does not show asterism. Because the sum of FWHMχ measurements in a diffraction peak 
that displayed asterism was far higher than individual FWHMχ measurements from 
discrete individual diffraction peaks within the same sample, SRM and asterism were 
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treated separately. Asterism was not considered in the construction of the clinopyroxene 
calibration curve. 
The first calibration curve relates strain-related mosaicity (as measured using 
FWHMχ) to peak shock pressure. It was shown to yield accurate results for both Nakhla 
(12±8GPa) and ALHA 77005 (68±8 GPa), however failed to yield accurate results for 
Zagami: the peak shock pressure value it gave (44±8 GPa) was higher than the peak 
shock pressure value of 29.2±0.6 GPa determined by Fritz et al. (2005). This is likely due 
to there not being enough data points in the calibration curve to capture the variability of 
strain-related mosaicity, leading to a slope that was not steep enough.  
The second calibration curve relates lattice strain (ε) to peak shock pressure. It 
was shown to give accurate results for both Nakhla (8±12 GPa) and Zagami (36±12 
GPa), however failed to give an accurate result for ALHA 77005. The peak shock 
pressure it gives for ALHA 77005 (90±12 GPa) is too high for its shock stage. This was 
believed to be a data quality issue as only eight lattice strain measurements could be 
obtained for ALHA 77005. One of these lattice strain measurements was far higher than 
any of the other lattice strain measurements and was likely an outlier. This led to a peak 
shock pressure value that was too high. If the outlier is ignored, it gives a peak shock 
pressure of 76±12 GPa, which is within error of its shock stage. The lattice strain 
calibration curve is recommended for use, however, it is imperative to make sure that the 
data used are of high quality (a signal to noise ratio of at least 2 and a 2θ spread of at least 
25°) and that at least ten lattice strain measurements are made, to ensure that the peak 
shock pressure calculated is accurate. These calibration curves will aid in evaluating 
shock metamorphism in clinopyroxene-bearing rocks, such as terrestrial impactites, 
martian meteorites, lunar meteorites, angrites, and brachinites. 
7.1 Future Work 
The inaccuracy of the SRM calibration curve is caused by a lack of data. More 
FWHMχ values would therefore be needed from samples experimentally shocked to 
moderate to high peak shock pressures in order to capture the variability of SRM, to 
make a more accurate SRM calibration curve. This additional data would also be 
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beneficial for the ε calibration curve as more data points would serve to reduce error and 
increase precision. The use of a flat plate accelerator is recommended because it shocks 
the samples more evenly and therefore enables data representative of the peak shock 
pressures the sample experienced to be obtained from anywhere in the sample. The 
samples should also be polished and exhibit flat surfaces to minimize the effect of 
topography on peak shock pressure. For experiments that use a light gas gun apparatus, 
spatial distrubtion of spall and high speed ejecta from the experiment should be recorded. 
This will enable high speed ejecta to be more easily identified and sampled. 
In regard to FWHMχ measurements, many diffraction peaks exhibiting asterism 
had to be discarded, which contributed to a lack of data for the SRM calibration curve. Li 
et al. (2018) has developed a peak fitting method of measuring the sum of FWHMχ for 
diffraction peaks that show asterism. This method fits a number of peaks to the 
diffraction peak that shows asterism and measures the FWHMχ of each peak fitted to the 
diffraction peak and sums the results. A third calibration curve that relates asterism to 
peak shock pressure could be created in future using experimentally shocked 
clinopyroxene samples and Li et al.’s (2019) technique for quantifying asterism. 
It would also be good to look at how the orientation of a crystal affects the 
amount of strain and strain-related mosaicity it displays during a shock event. 
Clinopyroxene is not an isometric crystal and therefore its orientation relative to the 
impact event may affect the shock effects it displays. To study this, several large single 
clinopyroxene crystals should be shot by light gas gun at the same peak shock pressures 
at different orientations and then have both their lattice strain and strain-related mosaicity 
values measured with in situ micro X-ray diffraction. 
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Appendices  
Appendix A: Data from HEXP6 
Target Name in Thesis *.raw File Name 
HEXP6_1v Run 1 Jenkins_artshkpx_01.raw 
HEXP6_2 Run 1 Jenkins_artshkpx_03.raw 
HEXP6_3 Run 1 Jenkins_artshkpx_04.raw 
HEXP6_4 Run 1 Jenkins_artshkpx_02.raw 
HEXP6_1v Run 2 Jenkins_HEXP6_01.raw 
HEXP6_2 Run 2 Jenkins_HEXP6_03.raw 
HEXP6_3 Run 2 Jenkins_HEXP6_04.raw 
HEXP6_4 Run 2 Jenkins_HEXP6_02.raw 
 
 Frame 1 Frame 2 
θ1 (°) 14.5 35.5 
θ2 (°) 22 40 
ω 10 18 
Collection time (minutes) 15 20 
Table A.2. Summary of collection 
parameters for HEXP6.  
Table A.1. Reference Table for .raw* files and the corresponding names they are referred to in the text for 
Sample HEXP6. 
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Figure A.1. General Area Detector Diffraction System (GADDS) 
image of HEXP6_1v from the first data collection run. 
01-082-0445 (C) - Clinopyroxene - (Al0.220Ti0.045Mg0.584Fe0.151)(Ca0.682Na0.117)(Mg0.096Fe0.10
Y + 3.0 mm - File: Jenkins_artshkpx_01 [001].raw
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Figure A.2. Intensity versus 2θ diffraction pattern for HEXP6_1v for run 1 and image of targeted spot. 
Diffraction pattern matches clinopyroxene. 
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Miller Index 2θ (º) β(º) FWHMχ (°) 
(220) 32.4 0.306  
(-221) 34.9 0.431  
(-331) 49.8 0.752  
(260) 79.2 0.880 9.01 
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Figure A.3. Williamson-Hall plot for run 1 of HEXP6_1v. Corresponds to a 
lattice strain value of 0.242 ± 0.322%. 
Table A.3. Summary of FWHMχ 
measurements for determining SRM and 
β measurements for creating WH plots 
for HEXP6_1v Run 1 
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Figure A.4. GADDS image of HEXP6_2 from the first data 
collection run. 
01-082-0445 (C) - Clinopyroxene - (Al0.220Ti0.045Mg0.584Fe0.151)(Ca0.682Na0.117)(Mg0.096Fe0.10
Y + 3.0 mm - File: Jenkins_artshkpx_03 [001].raw
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Figure A.5. Intensity versus 2θ diffraction pattern for HEXP6_2 for run 1 and image of targeted spot. 
Diffraction pattern matches clinopyroxene. 
154 
 
 
 
 
155 
 
 
 
 
156 
 
 
 
 
157 
 
Table A.4. Summary of FWHMχ 
measurements for determining SRM and β 
measurements for creating WH plots for 
HEXP6_1v Run 2 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Miller Index 2θ (º) β(º) FWHMχ (°) 
(-221) 34.9 0.411 7.05 
(-131) 41.0 0.480 7.22 
(260) 79.1 0.926 13.22 
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Figure A.12. Williamson-Hall plot for run 2 of HEXP6_1v. Corresponds to a 
lattice strain value of 0.250 ± 0.017% 
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Appendix B: Data from EXP2 
Target Name in Thesis .raw* File Name 
EXP2_1 Run 1 Jenkins_exp2_01.raw 
EXP2_1 Run 2 Jenkins_exp2_2_01.raw 
EXP2_2 Run 2 Jenkins_exp2_2_02.raw 
 
 
 
 
 
 
 
 
 
 
 
 
 Frame 1 Frame 2 
θ1 (°) 14.5 35.5 
θ2 (°) 22 40 
ω 10 18 
Collection time (minutes) 15 20 
Table B.1. Reference Table for .raw* files and the corresponding names they are referred to in the text for 
Sample EXP2. 
Table B.2 Summary of collection parameters 
for EXP2. 
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Miller Index 2θ (º) β(º) FWHMχ (°) 
(-221) 34.9 0.307  
(-221) 34.9 0.268 0.66 
(-221) 34.9 0.268  
(310) 35.6  0.65 
(-131) 41.1 0.319 0.63 
(-331) 49.8 0.383  
(-331) 49.8 0.398 0.45 
(-331) 49.8 0.419 0.55 
(-421) 50.4 0.441 0.76 
(260) 79.2 0.439 0.52 
(260) 79.2 0.421  
Table B.3. Summary of FWHMχ 
measurements for determining SRM and 
β measurements for creating WH plots 
for EXP2_1 Run 1 
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Figure B.3. Williamson-Hall plot for run 1 for grain 1 of EXP2. Corresponds to a 
lattice strain value of 0.067±0.108%. 
 
Figure B.4. General Area Detector Diffraction System (GADDS) image of grain 1 
of EXP2 from the second data collection run. 
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01-071-0721 (C) - Augite - (Ca.818Mg.792Fe.183Fe.086Al.151Al.269Si1.751)O6 - Monoclinic - C2/c (15)
Y + 3.0 mm - File: Jenkins_exp2_2_01 [001].raw
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Figure B.5. Intensity versus 2θ diffraction pattern for grain 1 of EXP2 for run 2 and image of targeted area. Diffraction 
pattern matches augite. 
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Miller Index 2θ (º) β(º) FWHMχ (°) 
(310) 35.6 0.264 0.77 
(400) 45.3 0.221 0.42 
(600) 70.6  0.39 
(620) 75.4 0.303  
(710) 85.8 0.441 0.38 
 
 
Table B.4. Summary of FWHMχ 
measurements for determining SRM and β 
measurements for creating WH plots for 
EXP2_1 Run 2 
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Figure B.6. Williamson-Hall plot for run 2 for grain 1 of EXP2. Corresponds to a 
lattice strain value of 0.071±0.153%. 
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Figure B.7. General Area Detector Diffraction System (GADDS) image of grain 2 
of EXP2 from the second data collection run. 
01-071-0721 (C) - Augite - (Ca.818Mg.792Fe.183Fe.086Al.151Al.269Si1.751)O6 - Monoclinic - C2/c (15)
Y + 3.0 mm - File: Jenkins_exp2_2_02 [001].raw
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Figure B.8. Intensity versus 2θ diffraction pattern for grain 2 of EXP2 for run 2 and image of targeted spot. Diffraction 
pattern matches augite. 
168 
 
 
 
 
 
 
 
 
 
  
Miller Index 2θ (º) β(º) FWHMχ (°) 
(021) 31.1 0.328  
(-241) 54.8 0.353  
(260) 79.1 0.388 0.49 
Table B.5. Summary of FWHMχ 
measurements for determining SRM and 
β measurements for creating WH plots 
for EXP2_2 Run 2. 
Figure B.9. Williamson-Hall plot for run 2 for grain 2 of EXP2. Corresponds to a 
lattice strain value of 0.028±0.003%. 
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Appendix C: Data from A0 
Target Name in Thesis .raw* File Name 
A0 Target 1 Jenkins_smallaugite_01.raw 
A0 Target 2 Jenkins_0kms_4561_01.raw 
A0 Target 3 Jenkins_A0_2_01.raw 
 
 
 Frame 1 Frame 2 
θ1 (°) 14.5 35.5 
θ2 (°) 22 40 
ω 10 18 
Collection time (minutes) 60 90 
Table C.1. Reference Table for .raw* files and the corresponding names they are referred to in the text for 
Sample A0. 
Table C.2. Summary of X-ray diffraction collection parameters for 
A0. 
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Figure C.1. General Area Detector Diffraction System image of A0 Target 1 
Figure C.2. Intensity versus 2θ diffraction pattern for A0 Target 1 and image of targeted spot. Diffraction pattern 
matches augite. 
01-078-1391 (C) - Augite - Ca(Mg0.85Al0.15)((Si1.70Al0.30)O6) - Monoclinic - C2/c (15)
Y + 3.0 mm - File: Jenkins_smallaugite_01 [001].raw
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Miller Index 2θ (°) β(°) FWHMχ (°) 
(002) 41.4 0.317  
(112) 47.5 0.424  
(-114) 87.9 0.584 0.50 
(-114) 87.9  0.54 
(004) 89.9 0.558 0.38 
(004) 89.9  0.41 
Figure C.3. Williamson-Hall plot for A0 Target 1. Corresponds to a lattice strain 
value of 0.087±0.068%. 
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Table C.4. Summary of FWHMχ 
measurements for determining SRM and β 
measurements for creating WH plots for A0 
Target 1 
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Figure C.4. General Area Detector Diffraction System image of A0 Target 2. 
Figure C.5. Intensity versus 2θ diffraction pattern for A0 Target 2 and image of targeted spot. Diffraction pattern matches 
augite. 
01-078-1391 (C) - Augite - Ca(Mg0.85Al0.15)((Si1.70Al0.30)O6) - Monoclinic - C2/c (15)
Y + 3.0 mm - File: Jenkins_0kms_4561_01 [001].raw
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Miller Index 2θ (º) β(º) FWHMχ (°) 
(130) 37.4 0.227 0.54 
(002) 41.4 0.300 0.60 
(-402) 52.7 0.513  
(-114) 88.0 0.534 0.56 
(004) 89.9 0.575 0.58 
 
Figure C.6. Williamson-Hall plot for A0 Target 2. Corresponds to a lattice strain 
value of 0.100±0.145%. 
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Table C.5. Summary of FWHMχ 
measurements for determining SRM and 
β measurements for creating WH plots for 
A0 Target 2. 
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Figure C.7. General Area Detector Diffraction System image of A0 Target 3  
Figure C.8. Intensity versus 2θ diffraction pattern for A0 Target 3. Diffraction pattern matches augite. 
01-078-1391 (C) - Augite - Ca(Mg0.85Al0.15)((Si1.70Al0.30)O6) - Monoclinic - C2/c (15)
Y + 3.0 mm - File: Jenkins_A0_2_01 [001].raw
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Miller Index 2θ (º) β(º) FWHMχ (°) 
(021) 31.1 0.298 0.94 
(002) 41.4 0.339 0.71 
(112) 47.5 0.433 0.69 
(-114) 88.0 0.542 0.62 
(004) 89.9 0.580 0.51 
Table C.6. Summary of FWHMχ 
measurements for determining SRM and β 
measurements for creating WH plots for 
A0 Target 3. 
Figure C.9. Williamson-Hall plot for A0 Target 3. Corresponds to a lattice strain 
value of 0.086±0.055%. 
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Appendix D: Data from A1 
Target Name in Thesis .raw* File Name 
A1 Target 1 Jenkins_8gpa_01.raw 
A1 Target 2 Jenkins_8gpa_3_01.raw 
A1 Target 3 Jenkins_8gpa_3_02.raw 
A1 Target 4 Jenkins_8gpa_3_03.raw 
A1 Target 5 Jenkins_856_2100ms_01.raw 
 
 Frame 1 Frame 2 
θ1 (°) 14.5 35.5 
θ2 (°) 22 40 
ω 10 18 
Collection time (minutes) 60 90 
Table D.1. Reference Table for .raw* files and the corresponding names they are referred to in the text for 
Sample A1 
Table D.2. Summary of X-ray diffraction collection parameters for 
A1. 
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Figure D.1. General Area Detector Diffraction System image of A1 Target 1 
Figure D.2. Intensity versus 2θ diffraction pattern for A1 Target 1 and image of targeted spot. Diffraction pattern 
matches augite. 
01-078-1391 (C) - Augite - Ca(Mg0.85Al0.15)((Si1.70Al0.30)O6) - Monoclinic - C2/c (15)
Y + 3.0 mm - File: Jenkins_8gpa_01 [001].raw
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Miller Index 2θ (º) β(º) FWHMχ (°) 
(002) 41.4 0.395  
(112) 47.5 0.440  
(-402) 52.8 0.530  
(151) 66.7 0.543  
(-602) 71.6 0.649 2.16 
(223) 79.9 0.556  
(004) 90.0 0.713  
Table D.3. Summary of FWHMχ 
measurements for determining SRM and β 
measurements for creating WH plots for 
A1 Target 1 
Figure D.3. Williamson-Hall plot for A1 Target 1. Corresponds to a lattice 
strain value of 0.110±0.097%. 
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Figure D.4. General Area Detector Diffraction System image of A1 Target 2. 
Figure D.5. Intensity versus 2θ diffraction pattern for A1 Target 2 and image of targeted spot. Diffraction pattern 
matches augite. 
01-078-1391 (C) - Augite - Ca(Mg0.85Al0.15)((Si1.70Al0.30)O6) - Monoclinic - C2/c (15)
Y + 4.0 mm - File: Jenkins_8gpa_3_01 [001].raw
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Miller Index 2θ (º) β(º) 
(130) 37.3 0.288 
(131) 44.0 0.369 
(330) 49.1 0.444 
(062) 88.8 0.614 
(460) 91.6 0.634 
Table D.4. Summary of β 
measurements for creating 
WH plots for A1 Target 2. 
Figure D.6. Williamson-Hall plot for A1 Target 2. Corresponds to a lattice strain 
value of 0.111±0.111%. 
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Figure D.7. General Area Detector Diffraction System image of A1 Target 3  
Figure D.8. Intensity versus 2θ diffraction pattern for A1 Target 3 and image of targeted spot. Diffraction pattern 
matches augite. 
01-078-1391 (C) - Augite - Ca(Mg0.85Al0.15)((Si1.70Al0.30)O6) - Monoclinic - C2/c (15)
Y + 3.0 mm - File: Jenkins_8gpa_3_02 [001].raw
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Miller Index 2θ (º) β(º) 
(002) 41.5 0.390 
(112) 47.5 0.485 
(151) 66.8 0.624 
(-114) 88.1 0.751 
(004) 90.0 0.740 
Table D.5. Summary of β 
measurements for 
creating WH plots for A1 
Target 3 
Figure D.9. Williamson-Hall plot for A1 Target 3. Corresponds to a lattice strain 
value of 0.134±0.101%. 
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Figure D.10. General Area Detector Diffraction System image of A1 Target 4  
01-078-1391 (C) - Augite - Ca(Mg0.85Al0.15)((Si1.70Al0.30)O6) - Monoclinic - C2/c (15)
Y + 3.0 mm - File: Jenkins_8gpa_3_03 [001].raw
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Figure D.11. Intensity versus 2θ diffraction pattern for A1 Target 4 and image of targeted spot. Diffraction pattern 
matches augite. 
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Miller Index 2θ (º) β(º) FWHMχ (°) 
(002) 41.4 0.324  
(112) 47.5 0.450 0.70 
(-402) 52.8 0.533 0.74 
(312) 62.9 0.511 0.68 
(-533) 85.7 0.556 0.72 
(-114) 88.0 0.563 0.60 
(-114) 88.0 0.503 0.52 
(004) 90.0 0.592 0.53 
Table D.6. Summary of FWHMχ 
measurements for determining SRM and β 
measurements for creating WH plots for 
A1 Target 4 
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Figure D.12. Williamson-Hall plot for A1 Target 4. The R2 value of this Williamson-
Hall plot was deemed too low to give reliable values. 
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Figure D.13. General Area Detector Diffraction System image of A1 Target 5. 
01-078-1391 (C) - Augite - Ca(Mg0.85Al0.15)((Si1.70Al0.30)O6) - Monoclinic - C2/c (15)
Y + 3.0 mm - File: Jenkins_856_2100ms_01 [002].raw
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Figure D.14. Intensity versus 2θ diffraction pattern for A1 Target 5 and image of targeted spot. Diffraction pattern 
matches augite. 
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Miller Index 2θ (º) β(º) FWHMχ (°) 
(130) 37.4 0.225 0.51 
(002) 41.4 0.295  
(112) 47.4 0.412 0.72 
(-114) 88.0 0.527 0.55 
(004) 89.9 0.531 0.42 
Table D.7. Summary of FWHMχ 
measurements for determining SRM and β 
measurements for creating WH plots for 
A1 Target 5. 
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Figure D.15. Williamson-Hall plot for A1 Target 5. Corresponds to a lattice strain 
value of 0.094±0.111° 
189 
 
Appendix E: Data from A2 
Target Name in Thesis .raw* File Name 
A2 Target 1a Jenkins_22gpa_01.raw 
A2 Target 2a Jenkins_22gpa_02.raw 
A2 Target 3a Jenkins_22gpa_03.raw 
A2 Target 4a Jenkins_22gpa_04.raw 
A2 Target 5a Jenkins_856_2100ms_02.raw 
A2 Wall Piece Jenkins_22gpa_wp_01.raw 
A2 Target 1b Jenkins_22_crater_01.raw 
A2 Target 2b Jenkins_22_crater_02.raw 
A2 Target 3b Jenkins_22_crater_03.raw 
A2 Target 4b Jenkins_22_crater_04.raw 
A2 Target 5b Jenkins_22_crater_05.raw 
A2 Target 6b Jenkins_22_crater_06.raw 
A2 Target 7b Jenkins_22GPa_clean_01.raw 
A2 Target 8b Jenkins_22GPa_clean_02.raw 
A2 Target 9b Jenkins_22Gpa_clean_03.raw 
A2 Target 1c Jenkins_22_drilled_01.raw 
A2 Target 2c Jenkins_22_drilled_02.raw 
A2 Target 3c Jenkins_22_drilled_03.raw 
A2 Target 4c Jenkins_22drilled2_01.raw 
A2 Target 5c Jenkins_22drilled2_02.raw 
A2 Target 6c Jenkins_22drilled2_03.raw 
A2 Target 1d Jenkins_22sawed_01.raw 
A2 Target 2d Jenkins_22sawed_02.raw 
A2 Target 3d Jenkins_22sawed_03.raw 
A2 Target 4d Jenkins_22_side_01.raw 
A2 Target 5d Jenkins_22_side_02.raw 
A2 Target 6d Jenkins_22_side_03.raw 
A2 Target 7d Jenkins_22side2_01.raw 
A2 Target 8d Jenkins_22side2_02.raw 
A2 Target 9d Jenkins_22side2_03.raw 
 
Table E.1. Reference Table for .raw* files and the corresponding names they are referred to in the text for 
Sample A1 
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Target Name in Thesis .raw* File Name 
A2 Target 10d Jenkins_22side2_04.raw 
A2 Target 11d Jenkins_22side2_05.raw 
A2 Target 12d Jenkins_22side2_06.raw 
A2 Target 13d Jenkins_22side2_07.raw 
A2 Target 14d Jenkins_22side2_08.raw 
A2 Target 15d Jenkins_22_side_04.raw 
 
 Targets 1a-5a, 4d-15d, and wall piece Targets 1b-9b, 1c-6c, 1d-3d 
 Frame 1  Frame 2  Frame 1  Frame 2  
θ1 (°) 14.5 35.5 40 40 
θ2 (°) 22 40 20 40 
ω 10 18 10 10 
Collection time (minutes) 60 90 60 90 
 
Table E.2  Summary of data collection parameters for A2. 
Table E.1 (continued). Reference Table for .raw* files and the corresponding names they are referred to in the 
text for Sample A1 
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Figure E.1. General Area Detector Diffraction System image of A2 Target 1a. 
01-078-1391 (C) - Augite - Ca(Mg0.85Al0.15)((Si1.70Al0.30)O6) - Monoclinic - C2/c (15)
Y + 3.0 mm - File: Jenkins_22gpa_01 [001].raw
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Figure E.2. Intensity versus 2θ diffraction pattern for A2 Target 1a and image of targeted spot. Diffraction pattern 
matches augite. 
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Figure E.3. General Area Detector Diffraction System image of A2 Target 2a. 
01-078-1391 (C) - Augite - Ca(Mg0.85Al0.15)((Si1.70Al0.30)O6) - Monoclinic - C2/c (15)
Y + 3.0 mm - File: Jenkins_22gpa_02 [001].raw
L
in
 (
C
o
u
n
ts
)
0
1000
2000
3000
4000
2-Theta - Scale
14 20 30 40 50 60 70 80 90 100
Figure E.3. Intensity versus 2θ diffraction pattern for A2 Target 2a and image of targeted spot. Diffraction pattern 
matches augite. 
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Figure E.5. General Area Detector Diffraction System image of A2 Target 3a. 
01-078-1391 (C) - Augite - Ca(Mg0.85Al0.15)((Si1.70Al0.30)O6) - Monoclinic - C2/c (15)
Y + 3.0 mm - File: Jenkins_22gpa_03 [001].raw
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Figure E.6. Intensity versus 2θ diffraction pattern for A2 Target 3a and image of targeted spot. Diffraction pattern 
matches augite. 
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Figure E.7. General Area Detector Diffraction System image of A2 Target 4a. 
01-078-1391 (C) - Augite - Ca(Mg0.85Al0.15)((Si1.70Al0.30)O6) - Monoclinic - C2/c (15)
Y + 3.0 mm - File: Jenkins_22gpa_04 [001].raw
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Figure E.8. Intensity versus 2θ diffraction pattern for A2 Target 4a and image of targeted spot. Diffraction pattern 
matches augite. 
195 
 
 
 
 
 
 
 
 
 
Figure E.9. General Area Detector Diffraction System image of A2 Target 5a. 
Figure E.10. Intensity versus 2θ diffraction pattern for A2 Target 5a and image of targeted spot. Diffraction pattern 
matches augite. 
01-078-1391 (C) - Augite - Ca(Mg0.85Al0.15)((Si1.70Al0.30)O6) - Monoclinic - C2/c (15)
Y + 3.0 mm - File: Jenkins_856_2100ms_02 [001].raw
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Figure E.11. General Area Detector Diffraction System image of A2 wall piece. 
01-083-2210 (C) - Grossular - Ca3Al2Si3O12 - Cubic - Ia-3d (230)
01-082-1223 (C) - Majorite (Ca-bearing), syn - (Ca0.49Mg2.51)(MgSi)(SiO4)3 - Tetragonal - I41/a (88)
01-078-1391 (C) - Augite - Ca(Mg0.85Al0.15)((Si1.70Al0.30)O6) - Monoclinic - C2/c (15)
Y + 3.0 mm - File: Jenkins_22gpa_wp_01 [001].raw
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Figure E.12. Intensity versus 2θ diffraction pattern for A2 wall piece and image of targeted spot. Diffraction pattern 
matches augite, majorite, and grossular. 
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Miller Index 2θ (º) β(º) FWHMχ (°) 
(132) 59.0 0.513 0.73 
(-133) 72.9 0.446  
(133) 79.4 0.381  
(-261) 79.9 0.484  
(043) 83.3 0.482  
(602) 97.7 0.659 9.87 
 
Table E.3. Summary of FWHMχ 
measurements for determining SRM and β 
measurements for the creating WH plot for 
A2 wall piece. 
y = 0.2794x + 0.2611
R² = 0.3283
0
0.1
0.2
0.3
0.4
0.5
0.6
0.7
0 0.2 0.4 0.6 0.8 1 1.2 1.4
β
tanθ
Figure E.13. Williamson-Hall plot for A2 wall piece. The R2 value of this 
Williamson-Hall plot was deemed too low to give reliable values. 
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Figure E.14. General Area Detector Diffraction System image of A2 
Target 1b. 
01-078-1391 (C) - Augite - Ca(Mg0.85Al0.15)((Si1.70Al0.30)O6) - Monoclinic - C2/c (15)
Y + 3.0 mm - Jenkins_22_crater               Jenkins_22_crater. Jenkins_2Jenkins_22_crater. Jenkins_22_crater [00 [...] - File: 
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Figure E.15. Intensity versus 2θ diffraction pattern for A2 target 1b and image of targeted spot. Diffraction pattern 
matches augite. 
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Figure E.16. General Area Detector Diffraction System image of A2 
Target 2b. 
01-078-1391 (C) - Augite - Ca(Mg0.85Al0.15)((Si1.70Al0.30)O6) - Monoclinic - C2/c (15)
Y + 3.0 mm - Jenkins_22_crater               Jenkins_22_crater. Jenkins_2Jenkins_22_crater. Jenkins_22_crater [00 [...] - File: 
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Figure E.17. Intensity versus 2θ diffraction pattern for A2 target 2b and image of targeted spot. Diffraction pattern 
matches augite. 
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Miller Index 2θ (º) FWHMχ (°) 
(112) 47.7 0.82 
(202) 53.0 3.19 
Table E.4. Summary of FWHMχ 
measurements for determining 
SRM for A2 Target 2b. 
Figure E.18. General Area Detector Diffraction System image of A2 
Target 3b. 
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Miller Index 2θ (º) FWHMχ (°) 
(-314) 87.9 0.53 
(004) 89.8 0.43 
01-078-1391 (C) - Augite - Ca(Mg0.85Al0.15)((Si1.70Al0.30)O6) - Monoclinic - C2/c (15)
Y + 3.0 mm - File: Jenkins_22_crater_03 [001].raw
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Figure E.19. Intensity versus 2θ diffraction pattern for A2 target 3b and image of targeted spot. Diffraction pattern 
matches augite. 
Table E.5. Summary of FWHMχ 
measurements for determining 
SRM for A2 Target 3b. 
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Figure E.20. General Area Detector Diffraction System image of A2 
Target 4b. 
01-078-1391 (C) - Augite - Ca(Mg0.85Al0.15)((Si1.70Al0.30)O6) - Monoclinic - C2/c (15)
Y + 3.0 mm - File: Jenkins_22_crater_04 [001].raw
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Figure E.21. Intensity versus 2θ diffraction pattern for A2 target 4b and image of targeted spot. Diffraction pattern 
matches augite. 
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Miller Index 2θ (º) β(º) 
(112) 47.5 0.425 
(240) 52.8 0.412 
(-114) 88.0 0.480 
(004) 89.9 0.500 
Table E.6. Summary of β 
measurements for creating 
WH plots for A2 Target 4b. 
y = 0.1379x + 0.3543
R² = 0.9376
0
0.1
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0 0.2 0.4 0.6 0.8 1 1.2
β
tanθ
Figure E.22. Williamson-Hall plot for A2 Target 4b. Corresponds to a lattice strain 
value of 0.035±0.025%. 
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Figure E.23. General Area Detector Diffraction System image of A2 
Target 5b. 
01-086-1630 (C) - Quartz low - SiO2 - Hexagonal - P3121 (152)
01-078-1391 (C) - Augite - Ca(Mg0.85Al0.15)((Si1.70Al0.30)O6) - Monoclinic - C2/c (15)
Y + 3.0 mm - File: Jenkins_22_crater_05 [001].raw
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Figure E.24. Intensity versus 2θ diffraction pattern for A2 target 5b and image of targeted spot. Diffraction pattern 
matches augite and quartz. 
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Figure E.25. General Area Detector Diffraction System image of A2 
Target 6b. 
01-078-1391 (C) - Augite - Ca(Mg0.85Al0.15)((Si1.70Al0.30)O6) - Monoclinic - C2/c (15)
Y + 3.0 mm - Jenkins_22_crater               Jenkins_22_crater. Jenkins_2Jenkins_22_crater. Jenkins_22_c
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Figure E.26. Intensity versus 2θ diffraction pattern for A2 target 6b and image of targeted spot. Diffraction pattern 
matches augite. 
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Figure E.27. General Area Detector Diffraction System image of A2 
Target 7b. 
01-078-1391 (C) - Augite - Ca(Mg0.85Al0.15)((Si1.70Al0.30)O6) - Monoclinic - C2/c (15)
Y + 3.0 mm - File: Jenkins_22GPa_clean_01 [001].raw
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Figure E.28. Intensity versus 2θ diffraction pattern for A2 target 7b and image of targeted spot. Diffraction pattern 
matches augite. 
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Figure E.29. General Area Detector Diffraction System image of A2 
Target 8b. 
01-078-1391 (C) - Augite - Ca(Mg0.85Al0.15)((Si1.70Al0.30)O6) - Monoclinic - C2/c (15)
Y + 3.0 mm - File: Jenkins_22GPa_clean_02 [001].raw
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Figure E.30. Intensity versus 2θ diffraction pattern for A2 target 8b and image of targeted spot. Diffraction pattern 
matches augite. 
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Miller Index 2θ (º) β(º) 
(112) 47.7 0.375 
(202) 53.0 0.379 
(062) 88.3 0.617 
(004) 90.2 0.626 
y = 0.4703x + 0.1565
R² = 0.9954
0
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β
tanθ
Figure E.31. Williamson-Hall plot for A2 Target 8b. Corresponds to a lattice strain 
value of 0.118±0.074%. 
Table E.7. Summary of β 
measurements for creating 
WH plots for A2 Target 8b. 
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Figure E.32. General Area Detector Diffraction System image of A2 
Target 9b. 
01-078-1391 (C) - Augite - Ca(Mg0.85Al0.15)((Si1.70Al0.30)O6) - Monoclinic - C2/c (15)
Y + 3.0 mm - File: Jenkins_22GPa_clean_03 [001].raw
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Figure E.33. Intensity versus 2θ diffraction pattern for A2 target 9b and image of targeted spot. Diffraction pattern 
matches augite. 
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Figure E.34. General Area Detector Diffraction System image of A2 
Target 1c. 
01-078-1391 (C) - Augite - Ca(Mg0.85Al0.15)((Si1.70Al0.30)O6) - Monoclinic - C2/c (15)
Y + 3.0 mm - File: Jenkins_22_drilled_01 [001].raw
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Figure E.35. Intensity versus 2θ diffraction pattern for A2 target 1c and image of targeted spot. Diffraction pattern 
matches augite. 
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 Figure E.36. General Area Detector Diffraction System image of A2 
Target 2c. 
01-078-1391 (C) - Augite - Ca(Mg0.85Al0.15)((Si1.70Al0.30)O6) - Monoclinic - C2/c (15)
Y + 3.0 mm - File: Jenkins_22_drilled_02 [001].raw
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Figure E.37. Intensity versus 2θ diffraction pattern for A2 target 2c and image of targeted spot. Diffraction pattern 
matches augite. 
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Miller Index 2θ (º) FWHMχ (°) 
(-711) 81.1 0.92 
Table E.8 FWHMχ measurement 
for determining SRM for A2 
Target 2c. 
Figure E.38. General Area Detector Diffraction System image of A2 
Target 3c. 
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Miller Index 2θ (º) FWHMχ (°) 
(-261) 79.7 0.76 
(-114) 88.0 0.66 
(-114) 88.1 0.94 
(004) 90.0 0.77 
(-713) 94.6 1.02 
01-078-1391 (C) - Augite - Ca(Mg0.85Al0.15)((Si1.70Al0.30)O6) - Monoclinic - C2/c (15)
Y + 3.0 mm - File: Jenkins_22_drilled_03 [001].raw
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Figure E.39. Intensity versus 2θ diffraction pattern for A2 target 3c and image of targeted spot. Diffraction pattern 
matches augite. 
Table E.9. Summary of FWHMχ 
measurements for determining 
SRM for A2 Target 3c. 
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Figure E.40. General Area Detector Diffraction System image of A2 
Target 4c. 
01-078-1391 (C) - Augite - Ca(Mg0.85Al0.15)((Si1.70Al0.30)O6) - Monoclinic - C2/c (15)
Y + 3.0 mm - File: Jenkins_22drilled2_01 [001].raw
L
in
 (
C
o
u
n
ts
)
0
10
20
30
40
50
60
70
80
90
100
110
120
130
140
150
160
170
180
190
200
210
220
230
240
250
260
270
280
290
300
310
320
330
340
350
360
370
380
390
2-Theta - Scale
35 40 50 60 70 80 90 100
Figure E.41. Intensity versus 2θ diffraction pattern for A2 target 4c and image of targeted spot. Diffraction pattern 
matches augite. 
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Figure E.42. General Area Detector Diffraction System image of A2 
Target 5c. 
01-078-1391 (C) - Augite - Ca(Mg0.85Al0.15)((Si1.70Al0.30)O6) - Monoclinic - C2/c (15)
Y + 3.0 mm - File: Jenkins_22drilled2_02 [001].raw
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Figure E.43. Intensity versus 2θ diffraction pattern for A2 target 5c and image of targeted spot. Diffraction pattern 
matches augite. 
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Figure E.44. General Area Detector Diffraction System image of A2 
Target 6c. 
01-078-1391 (C) - Augite - Ca(Mg0.85Al0.15)((Si1.70Al0.30)O6) - Monoclinic - C2/c (15)
Y + 4.0 mm - File: Jenkins_22drilled2_03 [002].raw
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Figure E.45. Intensity versus 2θ diffraction pattern for A2 target 6c and image of targeted spot. Diffraction pattern 
matches augite. 
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 Figure E.46. General Area Detector Diffraction System image of A2 
Target 1d. 
01-078-1391 (C) - Augite - Ca(Mg0.85Al0.15)((Si1.70Al0.30)O6) - Monoclinic - C2/c (15)
Y + 3.0 mm - File: Jenkins_22sawed_01 [001].raw
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Figure E.47. Intensity versus 2θ diffraction pattern for A2 target 1d and image of targeted spot. Diffraction pattern 
matches augite. 
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Figure E.48. General Area Detector Diffraction System image of A2 
Target 2d. 
01-078-1391 (C) - Augite - Ca(Mg0.85Al0.15)((Si1.70Al0.30)O6) - Monoclinic - C2/c (15)
Y + 3.0 mm - File: Jenkins_22sawed_02 [001].raw
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Figure E.49. Intensity versus 2θ diffraction pattern for A2 target 2d and image of targeted spot. Diffraction pattern 
matches augite. 
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Figure E.50. General Area Detector Diffraction System image of A2 
Target 3d. 
01-078-1391 (C) - Augite - Ca(Mg0.85Al0.15)((Si1.70Al0.30)O6) - Monoclinic - C2/c (15)
Y + 3.0 mm - File: Jenkins_22sawed_03 [001].raw
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Figure E.51. Intensity versus 2θ diffraction pattern for A2 target 3d and image of targeted spot. Diffraction pattern 
matches augite. 
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Miller Index 2θ (º) β(º) 
(112) 47.5 0.477 
(022) 47.9 0.467 
(240) 52.8 0.463 
(-114) 88.1 0.562 
(004) 90.1 0.677 
Table E.10. Summary of β 
measurements for creating 
the WH plot for A2 Target 
3d. 
y = 0.2897x + 0.3351
R² = 0.8233
0
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0 0.2 0.4 0.6 0.8 1 1.2
β
tanθ
Figure E.52. Williamson-Hall plot for A2 Target 3d. Corresponds to a lattice strain 
value of 0.072±0.078%. 
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Figure E.53. General Area Detector Diffraction System image of A2 Target 4d. 
01-078-1391 (C) - Augite - Ca(Mg0.85Al0.15)((Si1.70Al0.30)O6) - Monoclinic - C2/c (15)
Y + 3.0 mm - File: Jenkins_22_side_01 [001].raw
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Figure E.54. Intensity versus 2θ diffraction pattern for A2 target 4d and image of targeted spot. Diffraction pattern 
matches augite. 
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Miller Index 2θ (º) β(º) FWHMχ (°) 
(220) 32.1 0.331 1.01 
(440) 67.0 0.428  
(511) 68.4 0.482  
(350) 70.3 0.443  
(004) 89.9 0.651  
Table E.11. Summary of FWHMχ 
measurements for determining SRM and β 
measurements for the creating WH plot for 
A2 target 4d. 
y = 0.4391x + 0.1744
R² = 0.8997
0
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tanθ
Figure E.55. Williamson-Hall plot for A2 Target 4d. Corresponds to a lattice strain 
value of 0.110±0.085%. 
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Figure E.56. General Area Detector Diffraction System image of A2 Target 5d. 
01-078-1391 (C) - Augite - Ca(Mg0.85Al0.15)((Si1.70Al0.30)O6) - Monoclinic - C2/c (15)
Y + 3.0 mm - File: Jenkins_22_side_02 [001].raw
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Figure E.57. Intensity versus 2θ diffraction pattern for A2 target 5d and image of targeted spot. Diffraction pattern 
matches augite. 
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Miller Index 2θ (º) β(º) FWHMχ (°) 
(020) 22.9 0.505 2.17 
(220) 32.1 0.321 1.32 
(130) 36.7 0.323 1.32 
(440) 67.0 0.434 0.77 
(511) 68.5 0.472 0.98 
(350) 70.3 0.444 0.85 
Table E.12. Summary of FWHMχ 
measurements for determining SRM and β 
measurements for the creating WH plot 
for A2 target 5d. 
y = 0.1085x + 0.3646
R² = 0.1025
0
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β
tanθ
Figure E.58. Williamson-Hall plot for A2 target 5d. The R2 value of this Williamson-
Hall plot was deemed too low to give reliable values. 
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Figure E.59. General Area Detector Diffraction System image of A2 Target 6d. 
01-078-1391 (C) - Augite - Ca(Mg0.85Al0.15)((Si1.70Al0.30)O6) - Monoclinic - C2/c (15)
Y + 3.0 mm - File: Jenkins_22_side_03 [001].raw
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Figure E.60. Intensity versus 2θ diffraction pattern for A2 target 6d and image of targeted spot. Diffraction pattern 
matches augite. 
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Table E.13. Summary of FWHMχ 
measurements for determining SRM and β 
measurements for the creating WH plot for 
A2 target 6d. 
y = 0.4207x + 0.17
R² = 0.9245
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Figure E.61. Williamson-Hall plot for A2 Target 6d. Corresponds to a lattice strain 
value of 0.105±0.069%. 
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Miller Index 2θ (º) β(º) FWHMχ (°) 
(220) 32.1 0.320 1.42 
(440) 67.0 0.424  
(511) 68.5 0.444 1.13 
(350) 70.3 0.438 1.02 
(004) 90.0 0.627  
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Figure E.62. General Area Detector Diffraction System image of A2 Target 7d. 
01-078-1391 (C) - Augite - Ca(Mg0.85Al0.15)((Si1.70Al0.30)O6) - Monoclinic - C2/c (15)
Y + 3.0 mm - File: Jenkins_22side2_01 [001].raw
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Figure E.63. Intensity versus 2θ diffraction pattern for A2 target 7d and image of targeted spot. Diffraction pattern 
matches augite. 
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Miller Index 2θ (º) β(º) FWHMχ (°) 
(130) 36.8 0.350 0.90 
(330) 49.0 0.444 0.76 
(-223) 66.6 0.527 1.01 
Table E.14. Summary of FWHMχ 
measurements for determining SRM and 
β measurements for the creating WH plot 
for A2 target 7d. 
y = 0.5329x + 0.1836
R² = 0.97
0
0.1
0.2
0.3
0.4
0.5
0.6
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7
β
tanθ
Figure E.64. Williamson-Hall plot for A2 Target 7d. Corresponds to a lattice strain 
value of 0.133±0.094%. 
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Figure E.65. General Area Detector Diffraction System image of A2 Target 8d. 
01-078-1391 (C) - Augite - Ca(Mg0.85Al0.15)((Si1.70Al0.30)O6) - Monoclinic - C2/c (15)
Y + 3.0 mm - File: Jenkins_22side2_02 [001].raw
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Figure E.66. Intensity versus 2θ diffraction pattern for A2 target 8d and image of targeted spot. Diffraction pattern 
matches augite. 
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Miller Index 2θ (º) β(º) FWHMχ (°) 
(130) 36.7 0.345 0.89 
(330) 49.0 0.425 0.70 
(-223) 66.7 0.509  
Table E.15. Summary of FWHMχ 
measurements for determining SRM and 
β measurements for the creating WH 
plot for A2 target 8d. 
y = 0.4939x + 0.1884
R² = 0.9848
0
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0.4
0.5
0.6
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7
β
tanθ
Figure E.67. Williamson-Hall plot for A2 Target 8d. Corresponds to a lattice strain 
value of 0.123±0.061%. 
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Figure E.68. General Area Detector Diffraction System image of A2 Target 9d. 
01-078-1391 (C) - Augite - Ca(Mg0.85Al0.15)((Si1.70Al0.30)O6) - Monoclinic - C2/c (15)
Y + 3.0 mm - File: Jenkins_22side2_03 [001].raw
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Figure E.69. Intensity versus 2θ diffraction pattern for A2 target 9d and image of targeted spot. Diffraction pattern 
matches augite. 
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Miller Index 2θ (º) β(º) FWHMχ (°) 
(130) 36.7 0.327 1.21 
(330) 49.0 0.443  
(-223) 66.6 0.517  
Table E.16. Summary of FWHMχ 
measurements for determining SRM and β 
measurements for the creating WH plot for 
A2 target 9d. 
y = 0.5635x + 0.1577
R² = 0.9324
0
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tanθ
Figure E.70. Williamson-Hall plot for A2 Target 9d. Corresponds to a lattice strain 
value of 0.141±0.152%. 
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Figure E.71. General Area Detector Diffraction System image of A2 Target 10d. 
01-078-1391 (C) - Augite - Ca(Mg0.85Al0.15)((Si1.70Al0.30)O6) - Monoclinic - C2/c (15)
Y + 3.0 mm - File: Jenkins_22side2_04 [001].raw
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Figure E.72. Intensity versus 2θ diffraction pattern for A2 target 10d and image of targeted spot. Diffraction pattern 
matches augite. 
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Miller Index 2θ (º) β(º) FWHMχ (°) 
(130) 36.7 0.330 0.91 
(330) 49.0 0.446  
(-223) 66.7 0.519 0.83 
Table E.17. Summary of FWHMχ 
measurements for determining SRM and β 
measurements for the creating WH plot for 
A2 target 10d. 
y = 0.5577x + 0.1629
R² = 0.9297
0
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tanθ
Figure E.73. Williamson-Hall plot for A2 Target 10d. Corresponds to a lattice strain 
value of 0.139±0.153%. 
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Figure E.74. General Area Detector Diffraction System image of A2 Target 11d. 
01-078-1391 (C) - Augite - Ca(Mg0.85Al0.15)((Si1.70Al0.30)O6) - Monoclinic - C2/c (15)
Y + 3.0 mm - File: Jenkins_22side2_05 [001].raw
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Figure E.75. Intensity versus 2θ diffraction pattern for A2 target 11d and image of targeted spot. Diffraction pattern 
matches augite. 
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Miller Index 2θ (º) β(º) FWHMχ (°) 
(130) 36.7 0.318 0.80 
(330) 49.0 0.435 0.57 
(-223) 66.7 0.542 0.80 
Table E.18. Summary of FWHMχ 
measurements for determining SRM and β 
measurements for the creating WH plot for 
A2 target 11d. 
y = 0.6709x + 0.1084
R² = 0.9735
0
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Figure E.76. Williamson-Hall plot for A2 Target 11d. Corresponds to a lattice strain 
value of 0.168±0.111%. 
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Figure E.77. General Area Detector Diffraction System image of A2 Target 12d. 
01-078-1391 (C) - Augite - Ca(Mg0.85Al0.15)((Si1.70Al0.30)O6) - Monoclinic - C2/c (15)
Y + 3.0 mm - File: Jenkins_22side2_06 [001].raw
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Figure E.78. Intensity versus 2θ diffraction pattern for A2 target 12d and image of targeted spot. Diffraction pattern 
matches augite. 
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Miller Index 2θ (º) β(º) FWHMχ (°) 
(130) 36.7 0.326 1.29 
(330) 49.0 0.434  
(-223) 66.6 0.505  
Table E.19. Summary of FWHMχ 
measurements for determining SRM and β 
measurements for the creating WH plot for 
A2 target 12d. 
Figure E.79. Williamson-Hall plot for A2 Target 12d. Corresponds to a lattice strain 
value of 0.133±0.154%. 
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Figure E.80. General Area Detector Diffraction System image of A2 Target 13d. 
01-078-1391 (C) - Augite - Ca(Mg0.85Al0.15)((Si1.70Al0.30)O6) - Monoclinic - C2/c (15)
Y + 3.0 mm - File: Jenkins_22side2_07 [001].raw
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Figure E.81. Intensity versus 2θ diffraction pattern for A2 target 13d and image of targeted spot. Diffraction pattern 
matches augite. 
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Miller Index 2θ (º) β(º) 
(130) 36.8 0.328 
(330) 49.0 0.447 
(-223) 66.7 0.497 
Table E.20. β measurements 
for the creating WH plot for 
A2 target 13d. 
y = 0.4923x + 0.1866
R² = 0.8684
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tanθ
Figure E.82. Williamson-Hall plot for A2 Target 13d. Corresponds to a lattice strain 
value of 0.123±0.192%. 
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Figure E.83. General Area Detector Diffraction System image of A2 Target 14d. 
01-078-1391 (C) - Augite - Ca(Mg0.85Al0.15)((Si1.70Al0.30)O6) - Monoclinic - C2/c (15)
Y + 3.0 mm - File: Jenkins_22side2_08 [001].raw
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Figure E.84. Intensity versus 2θ diffraction pattern for A2 target 14d and image of targeted spot. Diffraction pattern 
matches augite. 
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Miller Index 2θ (º) β(º) FWHMχ (°) 
(130) 36.7 0.309 1.01 
(330) 49.0 0.425 0.76 
(-223) 66.6 0.512  
Table E.21. Summary of FWHMχ 
measurements for determining SRM and 
β measurements for the creating WH plot 
for A2 target 14d. 
y = 0.6058x + 0.1237
R² = 0.9531
0
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tanθ
Figure E.85. Williamson-Hall plot for A2 Target 14d. Corresponds to a lattice strain 
value of 0.152±0.134%. 
244 
 
 
Figure E.86. General Area Detector Diffraction System image of A2 Target 15d. 
01-078-1391 (C) - Augite - Ca(Mg0.85Al0.15)((Si1.70Al0.30)O6) - Monoclinic - C2/c (15)
Y + 3.0 mm - File: Jenkins_22_side_04 [001].raw
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Figure E.87. Intensity versus 2θ diffraction pattern for A2 target 15d and image of targeted spot. Diffraction pattern 
matches augite. 
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Miller Index 2θ (º) β(º) 
(220) 32.1 0.319 
(440) 67.0 0.425 
(511) 68.5 0.428 
(350) 70.3 0.435 
(004) 90.0 0.664 
Table E.22. β 
measurements for the 
creating WH plot for A2 
target 15d. 
y = 0.4689x + 0.1415
R² = 0.8781
0
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tanθ
Figure E.88. Williamson-Hall plot for A2 Target 15d. Corresponds to a lattice strain 
value of 0.117±0.103%. 
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Appendix F: Data from A3 
Target Name in Thesis .raw* or .gfrm* File Name 
A3 Top Piece Target 1 Jenkins_31gpa_01.raw 
A3 Top Piece Target 2 Jenkins_31gpa_02.raw 
A3 Top Piece Target 3 Jenkins_31gpa_03_001.gfrm 
A3 Spall 1 Jenkins_A3_spall_01_001.gfrm 
A3 Spall 2 Jenkins_31gpa_ejecta_01.raw 
A3 Spall 3 Jenkins_31gpa_ejecta_02.raw 
A3 Spall 4 Jenkins_A3_spall_04_001.gfrm 
A3 Spall 5 Jenkins_A3_spall_05_001.gfrm 
A3 Spall 6 Jenkins_A3_spall_06_001.gfrm 
A3 Spall 7 Jenkins_31gpa_ejecta_03.raw 
A3 Spall 8 Jenkins_A3_spall_08_001.gfrm 
A3 Spall 9 Jenkins_31gpa_ejecta_04.raw 
A3 Spall 10 Jenkins_A3_spall_10_001.gfrm 
A3 Spall 11 Jenkins_31gpa_ejecta_05.raw 
A3 Spall 12 Jenkins_A3_spall_12_001.gfrm 
A3 Spall 13 Jenkins_A3_spall_13_001.gfrm 
A3 Spall 14 Jenkins_A3_spall_14_001.gfrm 
A3 Spall 15 Jenkins_A3_spall_15_001.gfrm 
 
 
A3 top pieces 1-3, A3 spall 2, A3 spall 3, A3 spall 7, A3 spall 9, and A3 
spall 11 
 A3 spall 1-
15 
 Frame 1 Frame 2 Frame 1 
θ1 (°) 14.5 35.5 14.5 
θ2 (°) 22 40 22 
ω 10 18 10 
Collection time 60 90 30 
Table F.1. Reference Table for .raw* or .gfrm* files and the corresponding names they are referred to in the text 
for Sample A3 
Table F.2 Summary of data collection parameters for A3. 
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Figure F.1. General Area Detector Diffraction System image of A3 top piece target 
1 
01-078-1391 (C) - Augite - Ca(Mg0.85Al0.15)((Si1.70Al0.30)O6) - Monoclinic - C2/c (15)
Y + 3.0 mm - File: Jenkins_31gpa_01 [001].raw
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Figure F.2. Intensity versus 2θ diffraction pattern for A3 top piece target 1 and image of targeted spot. Diffraction pattern 
matches augite. 
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Miller Index 2θ (º) β(º) FWHMχ (°) 
(002) 41.3 0.331 0.71 
(112) 47.4 0.384 0.56 
(240) 52.7 0.554 0.70 
(-261) 79.7 0.433 0.60 
(004) 89.9 0.558 0.52 
(532) 94.4 0.620 0.40 
 
Table F.3. Summary of FWHMχ 
measurements for determining SRM and 
β measurements for creating the WH plot 
for A3 top piece target 1. 
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y = 0.2752x + 0.2863
R² = 0.5445
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Figure F.3. Williamson-Hall plot for A3 top piece target 1. The R2 value of this 
Williamson-Hall plot was deemed too low to give reliable values. 
Figure F.4. General Area Detector Diffraction System image of A3 top piece target 
2 
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Miller Index 2θ (º) β(º) FWHMχ (°) 
(002) 41.3 0.341  
(-314) 87.8 0.548 0.62 
(-404) 89.7 0.564 0.56 
01-078-1391 (C) - Augite - Ca(Mg0.85Al0.15)((Si1.70Al0.30)O6) - Monoclinic - C2/c (15)
Y + 3.0 mm - File: Jenkins_31gpa_02 [001].raw
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Figure F.5. Intensity versus 2θ diffraction pattern for A3 top piece target 2 and image of targeted spot. Diffraction pattern 
matches augite. 
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Table F.4. Summary of FWHMχ 
measurements for determining SRM and β 
measurements for creating the WH plot for 
A3 top piece target 2 
y = 0.3567x + 0.2065
R² = 0.9998
0
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β
tanθ
Figure F.6. Williamson-Hall plot for A3 top piece target 2. Corresponds to a lattice 
strain value of 0.089±0.005%. 
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Figure F.7. General Area Detector Diffraction 
System image of A3 top piece target 3. 
Figure F.8. Image of targeted spot for A3 top piece target 3. 
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 Figure F.9. General Area Detector Diffraction 
System image of A3 spall 1. 
Figure F.10. Image of targeted spot on A3 spall 1. 
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Figure F.9. General Area Detector Diffraction System image of A3 spall 2. 
01-078-1391 (C) - Augite - Ca(Mg0.85Al0.15)((Si1.70Al0.30)O6) - Monoclinic - C2/c (15)
Y + 3.0 mm - File: Jenkins_31gpa_ejecta_01 [001].raw
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Figure F.10. Intensity versus 2θ diffraction pattern for A3 spall 2 and image of targeted spot. Diffraction pattern matches 
augite. 
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Miller Index 2θ (º) β(º) 
(002) 41.4 0.373 
(112) 47.5 0.459 
(-114) 88.1 0.598 
(004) 90.0 0.648 
Table F.5. β measurements 
for creating the WH plot 
for A3 spall 2. 
y = 0.368x + 0.2633
R² = 0.9428
0
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0 0.2 0.4 0.6 0.8 1 1.2
β
tanθ
Figure F.11. Williamson-Hall plot for A3 spall 2. Corresponds to a lattice strain value 
of 0.092±0.064%. 
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Figure F.12. General Area Detector Diffraction System image of A3 spall 3. 
01-078-1391 (C) - Augite - Ca(Mg0.85Al0.15)((Si1.70Al0.30)O6) - Monoclinic - C2/c (15)
Y + 3.0 mm - File: Jenkins_31gpa_ejecta_02 [001].raw
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Figure F.13. Intensity versus 2θ diffraction pattern for A3 spall 3 and image of targeted spot. Diffraction pattern matches 
augite. 
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Miller Index 2θ (º) β(º) FWHMχ (°) 
(041) 51.9 0.529  
(331) 57.1 0.581  
(-171) 92.5 0.672 1.72 
Table F.6. Summary of FWHMχ 
measurements for determining SRM and β 
measurements for creating the WH plot for 
A3 spall 3. 
y = 0.2271x + 0.4369
R² = 0.9269
0
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β
tanθ
Figure F.14. Williamson-Hall plot for A3 spall 3. Corresponds to a lattice strain value 
of 0.057±0.203%. 
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Figure F.16. Image of targeted spot on A3 spall 4. 
Figure F.15. General Area Detector Diffraction 
System image of A3 spall 4. 
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Figure F.18. Image of targeted spot on A3 spall 5. 
Figure F.17. General Area Detector Diffraction 
System image of A3 spall 5. 
260 
 
 
 
 
 
Figure F.20. Image of targeted spot on A3 spall 6. 
Figure F.19. General Area Detector Diffraction 
System image of A3 spall 6. 
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Figure F.21. General Area Detector Diffraction System image of A3 spall 7. 
01-078-1391 (C) - Augite - Ca(Mg0.85Al0.15)((Si1.70Al0.30)O6) - Monoclinic - C2/c (15)
Y + 3.0 mm - File: Jenkins_31gpa_ejecta_03 [001].raw
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Figure F.22. Intensity versus 2θ diffraction pattern for A3 spall 7 and image of targeted spot. Diffraction pattern matches 
augite. 
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Miller Index 2θ (º) β(º) 
(002) 41.5 0.364 
(-114) 88.1 0.566 
(004) 90.0 0.596 
Table F.7. β measurements 
for creating the WH plot for 
A3 spall 7. 
y = 0.36x + 0.2271
R² = 0.9948
0
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tanθ
Figure F.23. Williamson-Hall plot for A3 spall 7. Corresponds to a lattice strain value 
of 0.090±0.026%. 
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Figure F.24. General Area Detector Diffraction 
System image of A3 spall 8. 
Figure F.25. Image of targeted spot on A3 spall 8. 
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Figure F.26. General Area Detector Diffraction System image of A3 spall 9. 
01-078-1391 (C) - Augite - Ca(Mg0.85Al0.15)((Si1.70Al0.30)O6) - Monoclinic - C2/c (15)
Y + 3.0 mm - File: Jenkins_31gpa_ejecta_04 [001].raw
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Figure F.27. Intensity versus 2θ diffraction pattern for A3 spall 9 and image of targeted spot. Diffraction pattern matches 
augite. 
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Miller Index 2θ (º) β(º) 
(002) 41.5 0.350 
(-223) 66.8 0.465 
(-114) 88.0 0.558 
(004) 90.0 0.621 
Table F.8. β 
measurements for 
creating the WH plot for 
A3 spall 9. 
y = 0.3979x + 0.1998
R² = 0.9705
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Figure F.28. Williamson-Hall plot for A3 spall 9. Corresponds to a lattice strain value 
of 0.010±0.049%. 
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Figure F.29. General Area Detector Diffraction 
System image of A3 spall 10. 
Figure F.30. Image of targeted spot on A3 spall 10. 
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Figure F.31. General Area Detector Diffraction System image of A3 spall 11. 
01-078-1391 (C) - Augite - Ca(Mg0.85Al0.15)((Si1.70Al0.30)O6) - Monoclinic - C2/c (15)
Y + 2.0 mm - File: Jenkins_31gpa_ejecta_05 [001].raw
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Figure F.32. Intensity versus 2θ diffraction pattern for A3 spall 11 and image of targeted spot. Diffraction pattern 
matches augite. 
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Miller Index 2θ (º) β(º) 
(002) 41.4 0.405 
(004) 90.0 0.662 
y = 0.4131x + 0.2489
R² = 1
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Figure F.33. Williamson-Hall plot for A3 spall 11. Corresponds to a lattice strain 
value of 0.103%. There were too few data points to calculate a standard error of 
regression. 
Table F.9. β measurements 
for creating the WH plot for 
A3 spall 11. 
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Figure F.34. General Area Detector Diffraction 
System image of A3 spall 12. 
Figure F.35. Image of targeted spot on A3 spall 12. 
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Figure F.36. General Area Detector Diffraction 
System image of A3 spall 13. 
Figure F.37. Image of targeted spot on A3 spall 13. 
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Figure F.38. General Area Detector Diffraction 
System image of A3 spall 14. 
Figure F.39. Image of targeted spot on A3 spall 14. 
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Figure F.40. General Area Detector Diffraction 
System image of A3 spall 15. 
Figure F.41. Image of targeted spot on A3 spall 15. 
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Appendix G: Data from A4 
Target Name in Thesis .raw* File Name 
A4 Target 1 Jenkins_49gpa_01.raw 
A4 Target 2 Jenkins_49gpa_02.raw 
A4 Target 3 Jenkins_49gpa_03.raw 
A4 Target 4 Jenkins_49gpa_04.raw 
A4 Target 5 Jenkins_49gpa_05.raw 
A4 Spall 1 Jenkins_49_ps_01.raw 
A4 Spall 2 Jenkins_49_ps_02.raw 
 
 Frame 1 Frame 2 
θ1 (°) 14.5 35.5 
θ2 (°) 22 40 
ω 10 18 
Collection time (minutes) 60 90 
 
Table F.1. Reference Table for .raw* files and the corresponding names they are referred to in the text for 
Sample A4 
Table G.2 Summary of data collection 
parameters for A4. 
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Figure G.1. General Area Detector Diffraction System image of A4 target 1. 
01-078-1391 (C) - Augite - Ca(Mg0.85Al0.15)((Si1.70Al0.30)O6) - Monoclinic - C2/c (15)
Y + 3.0 mm - File: Jenkins_49gpa_01 [001].raw
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Figure G.2. Intensity versus 2θ diffraction pattern for A4 target 1 and image of targeted spot. Diffraction pattern matches 
augite. 
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Miller Index 2θ (º) β(º) FWHMχ (°) 
(002) 41.4 0.328 0.66 
(112) 47.5 0.431 0.64 
(-114) 88.0 0.519 0.54 
(004) 89.9 0.563 0.45 
Table G.3. Summary of FWHMχ 
measurements for determining SRM and β 
measurements for creating the WH plot for 
A4 target 1. 
y = 0.2847x + 0.2651
R² = 0.8953
0
0.1
0.2
0.3
0.4
0.5
0.6
0 0.2 0.4 0.6 0.8 1 1.2
β
tanθ
Figure G.3. Williamson-Hall plot for A4 target 1. Corresponds to a lattice strain value 
of 0.071±0.069%. 
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Figure G.4. General Area Detector Diffraction System image of A4 target 2. 
01-078-1391 (C) - Augite - Ca(Mg0.85Al0.15)((Si1.70Al0.30)O6) - Monoclinic - C2/c (15)
Y + 3.0 mm - File: Jenkins_49gpa_02 [001].raw
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Figure G.5. Intensity versus 2θ diffraction pattern for A4 target 2 and image of targeted spot. Diffraction pattern matches 
augite. 
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Miller Index 2θ (º) β(º) FWHMχ (°) 
(002) 41.4 0.328 0.66 
(112) 47.5 0.424 0.72 
(-114) 88.0 0.540 0.58 
(004) 89.9 0.545 0.50 
Table G.4. Summary of FWHMχ 
measurements for determining SRM and β 
measurements for creating the WH plot for 
A4 target 2. 
y = 0.2909x + 0.2596
R² = 0.933
0
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0 0.2 0.4 0.6 0.8 1 1.2
β
tanθ
Figure G.6. Williamson-Hall plot for A4 target 2. Corresponds to a lattice strain value 
of 0.073±0.055%. 
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Figure G.7. General Area Detector Diffraction System image of A4 target 3. 
01-078-1391 (C) - Augite - Ca(Mg0.85Al0.15)((Si1.70Al0.30)O6) - Monoclinic - C2/c (15)
Y + 3.0 mm - File: Jenkins_49gpa_03 [001].raw
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Figure G.8. Intensity versus 2θ diffraction pattern for A4 target 3 and image of targeted spot. Diffraction pattern matches 
augite. 
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Miller Index 2θ (º) β(º) FWHMχ (°) 
(002) 41.4 0.325  
(112) 47.5 0.432 0.79 
(-314) 87.9 0.524 0.53 
(004) 89.9 0.547 0.44 
Table G.5. Summary of FWHMχ 
measurements for determining SRM and β 
measurements for creating the WH plot for 
A4 target 3. 
y = 0.2782x + 0.2662
R² = 0.8929
0
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tanθ
Figure G.9. Williamson-Hall plot for A4 target 3. Corresponds to a lattice strain value 
of 0.070±0.068%. 
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Figure G.10. General Area Detector Diffraction System image of A4 target 4. 
01-078-1391 (C) - Augite - Ca(Mg0.85Al0.15)((Si1.70Al0.30)O6) - Monoclinic - C2/c (15)
Y + 3.0 mm - File: Jenkins_49gpa_04 [001].raw
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Figure G.11. Intensity versus 2θ diffraction pattern for A4 target 4 and image of targeted spot. Diffraction pattern 
matches augite. 
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Miller Index 2θ (º) β(º) FWHMχ (°) 
(021) 31.1 0.358 1.27 
(002) 41.4 0.320 0.76 
(112) 47.5 0.425 0.88 
(-314) 87.9 0.508 0.61 
(004) 89.9 0.545 0.52 
Table G.6. Summary of FWHMχ 
measurements for determining SRM and 
β measurements for creating the WH plot 
for A4 target 4. 
y = 0.2597x + 0.2744
R² = 0.9007
0
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0 0.2 0.4 0.6 0.8 1 1.2
β
tanθ
Figure G.12. Williamson-Hall plot for A4 target 4. Corresponds to a lattice strain 
value of 0.065±0.050%. 
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Figure G.13. General Area Detector Diffraction System image of A4 target 5. 
01-078-1391 (C) - Augite - Ca(Mg0.85Al0.15)((Si1.70Al0.30)O6) - Monoclinic - C2/c (15)
Y + 3.0 mm - File: Jenkins_49gpa_05 [001].raw
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Figure G.14. Intensity versus 2θ diffraction pattern for A4 target 5 and image of targeted spot. Diffraction pattern 
matches augite. 
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Miller Index 2θ (º) β(º) FWHMχ (°) 
(002) 41.4 0.321 0.63 
(112) 47.5 0.387 0.74 
(-314) 87.9 0.526 0.51 
(004) 89.9 0.536 0.41 
Table G.7. Summary of FWHMχ 
measurements for determining SRM and β 
measurements for creating the WH plot for 
A4 target 5. 
 
Miller Index 2θ (º) β(º) FWHMχ (°) 
(002) 41.4 0.321 0.63 
(112) 47.5 0.387 0.74 
(-314) 87.9 0.526 0.51 
(004) 89.9 0.536 0.41 
 Table G.6. Summary of FWHMχ 
measurements for determining SRM and β 
measurements for creating the WH plot for 
A4 target 5. 
y = 0.304x + 0.2343
R² = 0.9815
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Figure G.15. Williamson-Hall plot for A4 target 5. Corresponds to a lattice strain 
value of 0.076±0.030%. 
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Figure G.16. General Area Detector Diffraction System image of A4 spall 1. 
 
01-078-1391 (C) - Augite - Ca(Mg0.85Al0.15)((Si1.70Al0.30)O6) - Monoclinic - C2/c (15)
Y + 3.0 mm - File: Jenkins_49_ps_01 [001].raw
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Figure G.17. Intensity versus 2θ diffraction pattern for A4 spall 1 and image of targeted spot. Diffraction pattern matches 
augite. 
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Miller Index 2θ (º) β(º) FWHMχ (°) 
(002) 41.4 0.477  
(112) 47.5 0.460  
(-621) 71.6 0.540 3.97 
(-261) 79.8 0.575  
 
 
Table G.8. Summary of FWHMχ 
measurements for determining SRM and 
β measurements for creating the WH plot 
for A4 spall 1. 
 
Table G.7. Summary of FWHMχ 
measurements for determining SRM and 
β measurements for creating the WH plot 
for A4 spall 1. 
y = 0.2372x + 0.3721
R² = 0.9391
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tanθ
Figure G.18. Williamson-Hall plot for A4 spall 1. Corresponds to a lattice strain value 
of 0.059±0.043%. 
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Figure G.19. General Area Detector Diffraction System image of A4 spall 2. 
 
01-078-1391 (C) - Augite - Ca(Mg0.85Al0.15)((Si1.70Al0.30)O6) - Monoclinic - C2/c (15)
Y + 3.0 mm - File: Jenkins_49_ps_02 [001].raw
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Figure G.20. Intensity versus 2θ diffraction pattern for A4 spall 2 and image of targeted spot. Diffraction pattern matches 
augite. 
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Miller Index 2θ (º) β(º) FWHMχ (°) 
(021) 31.0 0.335 1.20 
(002) 41.5 0.350 0.71 
(-114) 88.0 0.543 0.57 
(004) 90.0 0.575 0.45 
Table G.9. Summary of FWHMχ 
measurements for determining SRM and β 
measurements for creating the WH plot 
for A4 spall 2. 
 
Table G.8. Summary of FWHMχ 
measurements for determining SRM and β 
measurements for creating the WH plot 
for A4 spall 2. 
 
Miller Index 2θ (º) β(º) FWHMχ (°) 
(021) 31.0 0.335 1.20 
(002) 41.5 0.350 0.71 
(-114) 88.0 0.543 0.57 
(004) 90.0 0.575 0.45 
 Table G.8. Summary of FWHMχ 
measurements for determining SRM and β 
measurements for creating the WH plot 
for A4 spall 2. 
 
Table G.8. Summary of FWHMχ 
measurements for determining SRM and β 
measurements for creating the WH plot 
for A4 spall 2. 
y = 0.3293x + 0.2349
R² = 0.9919
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tanθ
Figure G.21. Williamson-Hall plot for A4 spall 2. Corresponds to a lattice strain value 
of 0.082±0.021%. 
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Appendix H: Data from A7 
Target Name in Thesis .raw* File Name 
A7 Target near Cavities Jenkins_683_big_01.raw 
A7 Spall 1 Jenkins_aug_683_dust_01.raw 
A7 Spall 2 Jenkins_aug_683_dust_02.raw 
A7 Spall 3 Jenkins_aug_683_dust_03.raw 
A7 Spall 4 Jenkins_aug_683_dust_04.raw 
A7 Spall 5 Jenkins_aug_683_dust_05.raw 
A7 Spall 6 Jenkins_aug_683_dust_06.raw 
A7 Spall 7 Jenkins_aug_683_dust_07.raw 
A7 Spall 8 Jenkins_aug_683_dust_08.raw 
A7 Spall 9 Jenkins_aug_683_dust_09.raw 
 
 
 
 
 Frame 1 Frame 2 
θ1 (°) 14.5 35.5 
θ2 (°) 22 40 
ω 10 18 
Collection time (minutes) 60 90 
Table H.1. Reference Table for .raw* files and the corresponding names they are referred to in the text for 
Sample A7 
Table H.2  Summary of data collection 
parameters for A7. 
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Figure H.1. General Area Detector Diffraction System image of A7 target near 
cavities.  
01-078-1391 (C) - Augite - Ca(Mg0.85Al0.15)((Si1.70Al0.30)O6) - Monoclinic - C2/c (15)
Y + 3.0 mm - File: Jenkins_683_big_01 [001].raw
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Figure H.2. Intensity versus 2θ diffraction pattern for A7 target near cavities and image of targeted spot. Diffraction 
pattern matches augite. 
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Miller Index 2θ (º) β(º) FWHMχ (°) 
(002) 41.4 0.347  
(112) 47.5 0.447 0.69 
(-114) 88.0 0.553 0.59 
(004) 89.9 0.590 0.44 
Table H.3. Summary of FWHMχ 
measurements for determining SRM and 
β measurements for creating the WH plot 
for A7 target near cavities. 
y = 0.3131x + 0.2666
R² = 0.8988
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tanθ
Figure H.3. Williamson-Hall plot for A7 target near cavities. Corresponds to a lattice 
strain value of 0.078±0.074%. 
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Figure H.4. General Area Detector Diffraction System image of A7 spall 1.  
01-078-1391 (C) - Augite - Ca(Mg0.85Al0.15)((Si1.70Al0.30)O6) - Monoclinic - C2/c (15)
Y + 3.0 mm - Jenkins_aug_683_dust            Jenkins_aug_683_dust. JenkinJenkins_aug_683_dust. Jenkins_aug_683_du [...
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Figure H.5. Intensity versus 2θ diffraction pattern for A7 spall 1 and image of targeted spot. Diffraction pattern matches 
augite. 
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Miller Index 2θ (º) β(º) FWHMχ (°) 
(130) 37.4 0.358  
(022) 47.9 0.462 0.76 
(-314) 87.9 0.569 0.52 
(-314) 87.9 0.550 0.53 
(004) 90.0 0.574 0.45 
Table H.4. Summary of FWHMχ 
measurements for determining SRM and β 
measurements for creating the WH plot for 
A7 spall 1. 
y = 0.2736x + 0.2996
R² = 0.9104
0
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tanθ
Figure H.6. Williamson-Hall plot for A7 spall 1. Corresponds to a lattice strain value 
of 0.068±0.050%. 
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Figure H.7. General Area Detector Diffraction System image of A7 spall 2.  
01-078-1391 (C) - Augite - Ca(Mg0.85Al0.15)((Si1.70Al0.30)O6) - Monoclinic - C2/c (15)
Y + 3.0 mm - Jenkins_aug_683_dust            Jenkins_aug_683_dust. JenkinJenkins_aug_683_dust. Jenkins_aug_683_du [...
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Figure H.8. Intensity versus 2θ diffraction pattern for A7 spall 2 and image of targeted spot. Diffraction pattern matches 
augite. 
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Miller Index 2θ (º) β(º) FWHMχ (°) 
(002) 41.4 0.339 0.73 
(022) 47.9 0.536 0.83 
(240) 52.9 0.600 0.56 
(-314) 87.9 0.556 0.55 
(004) 90.0 0.571 0.47 
Table H.5. Summary of FWHMχ 
measurements for determining SRM and β 
measurements for creating the WH plot for 
A7 spall 2. 
y = 0.1826x + 0.4019
R² = 0.2958
0
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0 0.2 0.4 0.6 0.8 1 1.2
β
tanθ
Figure H.9. Williamson-Hall plot for A7 spall 2. The R2 value of this Williamson-
Hall plot was deemed too low to give reliable values. 
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Figure H.10. General Area Detector Diffraction System image of A7 spall 3.  
01-078-1391 (C) - Augite - Ca(Mg0.85Al0.15)((Si1.70Al0.30)O6) - Monoclinic - C2/c (15)
Y + 3.0 mm - Jenkins_aug_683_dust            Jenkins_aug_683_dust. JenkinJenkins_aug_683_dust. Jenkins_aug_683_du [...
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Figure H.11. Intensity versus 2θ diffraction pattern for A7 spall 3 and image of targeted spot. Diffraction pattern matches 
augite. 
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 Miller Index 2θ (º) β(º) FWHMχ (°) 
(111) 28.2 0.325 0.92 
(002) 41.4 0.322  
(112) 47.4 0.435 0.59 
(-314) 87.9 0.549 0.52 
(004) 89.9 0.553 0.42 
Table H.6. Summary of FWHMχ 
measurements for determining SRM and 
β measurements for creating the WH plot 
for A7 spall 3. 
y = 0.3084x + 0.2523
R² = 0.9323
0
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tanθ
Figure H.12. Williamson-Hall plot for A7 spall 3. Corresponds to a lattice strain value 
of 0.077±0.048%. 
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Figure H.13. General Area Detector Diffraction System image of A7 spall 4.  
01-078-1391 (C) - Augite - Ca(Mg0.85Al0.15)((Si1.70Al0.30)O6) - Monoclinic - C2/c (15)
Y + 3.0 mm - Jenkins_aug_683_dust            Jenkins_aug_683_dust. JenkinJenkins_aug_683_dust. Jenkins_aug_683_du [...
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Figure H.14. Intensity versus 2θ diffraction pattern for A7 spall 4 and image of targeted spot. Diffraction pattern matches 
augite. 
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Miller Index 2θ (º) β(º) FWHMχ (°) 
(002) 41.4 0.396 0.66 
(002) 41.4 0.325 0.90 
(-314) 87.9 0.508 0.53 
(-314) 87.9 0.532 0.51 
(004) 89.9 0.591 0.44 
Table H.7. Summary of FWHMχ 
measurements for determining SRM and 
β measurements for creating the WH plot 
for A7 spall 4. 
y = 0.2902x + 0.2614
R² = 0.8859
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Figure H.16. Williamson-Hall plot for A7 spall 4. Corresponds to a lattice strain value 
of 0.073±0.060%. 
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Figure H.17. General Area Detector Diffraction System image of A7 spall 5.  
01-078-1391 (C) - Augite - Ca(Mg0.85Al0.15)((Si1.70Al0.30)O6) - Monoclinic - C2/c (15)
Y + 3.0 mm - Jenkins_aug_683_dust            Jenkins_aug_683_dust. JenkinJenkins_aug_683_dust. Jenkins_aug_683_du [...
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Figure H.18. Intensity versus 2θ diffraction pattern for A7 spall 5 and image of targeted spot. Diffraction pattern matches 
augite. 
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Miller Index 2θ (º) β(º) 
(002) 41.4 0.358 
(-314) 87.9 0.613 
(004) 90.0 0.678 
Table H.8. β measurements 
for creating the WH plot for 
A7 spall 5.. 
y = 0.4495x + 0.2048
R² = 0.9791
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Figure H.19. Williamson-Hall plot for A7 spall 4. Corresponds to a lattice strain value 
of 0.112±0.066%. 
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 Figure H.20. General Area Detector Diffraction System image of A7 spall 6.  
01-078-1391 (C) - Augite - Ca(Mg0.85Al0.15)((Si1.70Al0.30)O6) - Monoclinic - C2/c (15)
Y + 3.0 mm - Jenkins_aug_683_dust            Jenkins_aug_683_dust. JenkinJenkins_aug_683_dust. Jenkins_aug_683_du [...
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Figure H.21. Intensity versus 2θ diffraction pattern for A7 spall 6 and image of targeted spot. Diffraction pattern matches 
augite. 
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Miller Index 2θ (º) β(º) FWHMχ (°) 
(220) 32.0 0.304 0.95 
(330) 48.9 0.407 0.71 
(420) 50.8 0.427 0.73 
(331) 57.3 0.502 0.77 
(350) 70.3 0.402 0.68 
(-333) 75.1 0.471 0.62 
(-114) 88.2 0.560 0.63 
Table H.9. Summary of FWHMχ 
measurements for determining SRM and 
β measurements for creating the WH plot 
for A7 spall 6. 
y = 0.2913x + 0.264
R² = 0.6581
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tanθ
Figure H.22. Williamson-Hall plot for A7 spall 6. The R2 value of this Williamson-
Hall plot was deemed too low to give reliable values. 
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Figure H.23. General Area Detector Diffraction System image of A7 spall 7.  
01-078-1391 (C) - Augite - Ca(Mg0.85Al0.15)((Si1.70Al0.30)O6) - Monoclinic - C2/c (15)
Y + 3.0 mm - Jenkins_aug_683_dust            Jenkins_aug_683_dust. JenkinJenkins_aug_683_dust. Jenkins_aug_683_du [...
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Figure H.24. Intensity versus 2θ diffraction pattern for A7 spall 7 and image of targeted spot. Diffraction pattern matches 
augite. 
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Miller Index 2θ (º) β(º) FWHMχ (°) 
(-331) 49.5 0.598 1.07 
(150) 61.2 0.597 0.53 
(531) 78.0 0.402 0.55 
(-731) 90.4 0.545 0.53 
Table H.10. Summary of FWHMχ 
measurements for determining SRM and β 
measurements for creating the WH plot for 
A7 spall 7. 
y = -0.1917x + 0.673
R² = 0.2497
0
0.1
0.2
0.3
0.4
0.5
0.6
0.7
0 0.2 0.4 0.6 0.8 1 1.2
β
tanθ
Figure H.25. Williamson-Hall plot for A7 spall 7. The R2 value of this Williamson-
Hall plot was deemed too low to give reliable values. 
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Figure H.26. General Area Detector Diffraction System image of A7 spall 8.  
01-078-1391 (C) - Augite - Ca(Mg0.85Al0.15)((Si1.70Al0.30)O6) - Monoclinic - C2/c (15)
Y + 3.0 mm - Jenkins_aug_683_dust            Jenkins_aug_683_dust. JenkinJenkins_aug_683_dust. Jenkins_aug_683_du [...
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Figure H.27. Intensity versus 2θ diffraction pattern for A7 spall 8 and image of targeted spot. Diffraction pattern matches 
augite. 
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Miller Index 2θ (º) β(º) FWHMχ (°) 
(002) 41.4 0.323  
(112) 47.5 0.429 0.70 
(-314) 87.9 0.528 0.54 
(004) 89.9 0.547 0.45 
Table H.11. Summary of FWHMχ 
measurements for determining SRM and 
β measurements for creating the WH plot 
for A7 spall 8. 
y = 0.2844x + 0.2619
R² = 0.9043
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tanθ
Figure H.28. Williamson-Hall plot for A7 spall 8. Corresponds to a lattice strain value 
of 0.071±0.065%. 
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Figure H.29. General Area Detector Diffraction System image of A7 spall 9.  
01-078-1391 (C) - Augite - Ca(Mg0.85Al0.15)((Si1.70Al0.30)O6) - Monoclinic - C2/c (15)
Y + 3.0 mm - Jenkins_aug_683_dust            Jenkins_aug_683_dust. JenkinJenkins_aug_683_dust. Jenkins_aug_683_du [...
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Figure H.30. Intensity versus 2θ diffraction pattern for A7 spall 9 and image of targeted spot. Diffraction pattern matches 
augite. 
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Miller Index 2θ (º) β(º) FWHMχ (°) 
(220) 32.1 0.334  
(-223) 67.0 0.440  
(350) 70.3 0.412  
(-204) 85.6 0.482 0.53 
(062) 88.3 0.587 0.64 
Table H.12. Summary of FWHMχ 
measurements for determining SRM and β 
measurements for creating the WH plot for 
A7 spall 9. 
y = 0.3126x + 0.229
R² = 0.8297
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Figure H.31. Williamson-Hall plot for A7 spall 9. Corresponds to a lattice strain value 
of 0.078±0.082%. 
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Appendix I: Data from B0 
Target Name in Thesis .raw* File Name 
B0 Target 1 Jenkins_50_0_02.raw 
B0 Target 2 Jenkins_50_0_03.raw 
B0 Target 3 Jenkins_50_0_04.raw 
B0 Target 4 Jenkins_50_0_05.raw 
B0 Target 5 Jenkins_50_0_06.raw 
B0 Target 6 Jenkins_50_0_07.raw 
B0 Target 7 Jenkins_50_0_08.raw 
B0 Target 8 Jenkins_B0_01.raw 
B0 Target 9 Jenkins_B0_02.raw 
B0 Target 10 Jenkins_B0_03.raw 
B0 Target 11 Jenkins_B0_04.raw 
B0 Target 12 Jenkins_B0_05.raw 
B0 Target 13 Jenkins_B0_B3_01.raw 
B0 Target 14 Jenkins_B0_B3_02.raw 
B0 Target 15 Jenkins_B0_B3_03.raw 
B0 Target 16 Jenkins_B0_B3_04.raw 
B0 Target 17 Jenkins_B0_B3_05.raw 
Table I.1. Reference Table for .raw* files and the corresponding names they are referred to in the text for 
Sample B0 
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Target Name in Thesis .raw* File Name 
B0 Target 18 Jenkins_B0_B3_06.raw 
B0 Target 19 Jenkins_B0_B3_07.raw 
 
 Frame 1 Frame 2 
θ1 (°) 14.5 35.5 
θ2 (°) 22 40 
ω 10 18 
Collection time (minutes) 60 90 
  
Table I.1. (continued) Reference Table for .raw* files and the corresponding names they are referred to in the 
text for Sample B0 
Table I.2. Summary of data  collection parameters for B0. 
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Figure I.1. General Area Detector Diffraction System image B0 target 1  
01-083-0669 (C) - Enstatite ferroan, syn - (Fe0.115Mg0.885)(Fe0.383Mg0.617)Si2O6 - Orthorhombic - P
01-073-0264 (C) - Anorthite - Ca(Al2Si2O8) - Triclinic - P-1 (2)
Y + 3.0 mm - File: Jenkins_50_0_02 [001].raw
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Figure I.2. Intensity versus 2θ diffraction pattern for B0 target 1 and image of targeted spot. Diffraction pattern matches 
enstatite and anorthite. 
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Figure I.3. General Area Detector Diffraction System image B0 target 2  
01-087-0677 (C) - Forsterite ferroan - (Mg,Fe)2SiO4 - Orthorhombic - Pbnm (62)
01-078-2330 (C) - Anorthite - Na.25Ca.71(Al2Si2O8) - Triclinic - P-1 (2)
Y + 3.0 mm - File: Jenkins_50_0_03 [001].raw
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Figure I.4. Intensity versus 2θ diffraction pattern for B0 target 2 and image of targeted spot. Diffraction pattern matches 
forsterite and anorthite. 
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Figure I.5. General Area Detector Diffraction System image B0 target 3  
01-087-0677 (C) - Forsterite ferroan - (Mg,Fe)2SiO4 - Orthorhombic - Pbnm (62)
01-078-2330 (C) - Anorthite - Na.25Ca.71(Al2Si2O8) - Triclinic - P-1 (2)
Y + 3.0 mm - File: Jenkins_50_0_04 [001].raw
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Figure I.6. Intensity versus 2θ diffraction pattern for B0 target 3 and image of targeted spot. Diffraction pattern matches 
forsterite and anorthite. 
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01-087-0677 (C) - Forsterite ferroan - (Mg,Fe)2SiO4 - Orthorhombic - Pbnm (62)
Y + 3.0 mm - File: Jenkins_50_0_05 [001].raw
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Figure I.8. Intensity versus 2θ diffraction pattern for B0 target 4 and image of targeted spot. Diffraction pattern matches 
forsterite. 
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Figure I.9. General Area Detector Diffraction System image B0 target 5.  
01-088-2376 (C) - Augite - Mg.927Ca.818Al.078Fe.069Na.06Cr.04Ti.008Si2O6 - Monoclinic - C2/c (15)
Y + 3.0 mm - File: Jenkins_50_0_06 [001].raw
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Figure I.10. Intensity versus 2θ diffraction pattern for B0 target 5 and image of targeted spot. Diffraction pattern matches 
augite. 
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Miller Index 2θ (º) β(º) FWHMχ (°) 
(-221) 34.6 0.275 0.80 
(241) 59.7 0.432 0.79 
(-622) 76.4 0.403 0.84 
(-352) 78.8 0.419 0.71 
(621) 85.2 0.572 0.95 
(-404) 89.6 0.530 0.92 
Table I.3. Summary of FWHMχ 
measurements for determining SRM and 
β measurements for creating the WH plot 
for B0 target 5. 
Figure I.11. Williamson-Hall plot for B0 target 5. Corresponds to a lattice strain value 
of 0.091±0.101%. 
y = 0.3633x + 0.1716
R² = 0.7645
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Figure I.12. General Area Detector Diffraction System image B0 target 6.  
01-083-0669 (C) - Enstatite ferroan, syn - (Fe0.115Mg0.885)(Fe0.383Mg0.617)Si2O6 - Orthorhombic - P
01-073-0264 (C) - Anorthite - Ca(Al2Si2O8) - Triclinic - P-1 (2)
Y + 3.0 mm - File: Jenkins_50_0_07 [001].raw
L
in
 (
C
o
u
n
ts
)
0
100
200
300
400
500
600
700
2-Theta - Scale
12 20 30 40 50 60 70 80 90 100
Figure I.13. Intensity versus 2θ diffraction pattern for B0 target 6 and image of targeted spot. Diffraction pattern matches 
enstatite and anorthite. 
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Figure I.14. General Area Detector Diffraction System image B0 target 7.  
01-073-0264 (C) - Anorthite - Ca(Al2Si2O8) - Triclinic - P-1 (2)
01-087-0677 (C) - Forsterite ferroan - (Mg,Fe)2SiO4 - Orthorhombic - Pbnm (62)
Y + 3.0 mm - File: Jenkins_50_0_08 [001].raw
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Figure I.15. Intensity versus 2θ diffraction pattern for B0 target 7 and image of targeted spot. Diffraction pattern matches 
forsterite and anorthite. 
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Figure I.16. General Area Detector Diffraction System image B0 target 8.  
01-087-0677 (C) - Forsterite ferroan - (Mg,Fe)2SiO4 - Orthorhombic - Pbnm (62)
Y + 3.0 mm - File: Jenkins_B0_01 [001].raw
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Figure I.17. Intensity versus 2θ diffraction pattern for B0 target 8 and image of targeted spot. Diffraction pattern matches 
forsterite. 
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Figure I.18. General Area Detector Diffraction System image B0 target 9.  
01-087-0677 (C) - Forsterite ferroan - (Mg,Fe)2SiO4 - Orthorhombic - Pbnm (62)
Y + 3.0 mm - File: Jenkins_B0_02 [001].raw
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Figure I.19. Intensity versus 2θ diffraction pattern for B0 target 9 and image of targeted spot. Diffraction pattern matches 
forsterite. 
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Figure I.20. General Area Detector Diffraction System image B0 target 10.  
01-083-2058 (C) - Enstatite manganoan cobaltian - Mg1.562Mn0.175Co0.263Si2O6 - Orthorhombic - Pb
Y + 3.0 mm - File: Jenkins_B0_03 [001].raw
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Figure I.21. Intensity versus 2θ diffraction pattern for B0 target 10 and image of targeted spot. Diffraction pattern 
matches enstatite. 
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 Figure I.22. General Area Detector Diffraction System image B0 target 11.  
01-087-0677 (C) - Forsterite ferroan - (Mg,Fe)2SiO4 - Orthorhombic - Pbnm (62)
Y + 3.0 mm - File: Jenkins_B0_04 [001].raw
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Figure I.23. Intensity versus 2θ diffraction pattern for B0 target 11 and image of targeted spot. Diffraction pattern 
matches forsterite. 
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Figure I.24. General Area Detector Diffraction System image B0 target 12.  
01-083-2058 (C) - Enstatite manganoan cobaltian - Mg1.562Mn0.175Co0.263Si2O6 - Orthorhombic - Pb
01-087-0677 (C) - Forsterite ferroan - (Mg,Fe)2SiO4 - Orthorhombic - Pbnm (62)
Y + 3.0 mm - File: Jenkins_B0_05 [001].raw
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Figure I.25. Intensity versus 2θ diffraction pattern for B0 target 12 and image of targeted spot. Diffraction pattern 
matches forsterite and enstatite. 
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Figure I.26. General Area Detector Diffraction System image B0 target 13.  
01-088-2376 (C) - Augite - Mg.927Ca.818Al.078Fe.069Na.06Cr.04Ti.008Si2O6 - Monoclinic - C2/c (15)
01-073-0264 (C) - Anorthite - Ca(Al2Si2O8) - Triclinic - P-1 (2)
Y + 3.0 mm - File: Jenkins_B0_B3_01 [001].raw
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Figure I.27. Intensity versus 2θ diffraction pattern for B0 target 13 and image of targeted spot. Diffraction pattern 
matches augite and anorthite. 
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Miller Index 2θ (º) FWHMχ (°) 
(-133) 72.9 0.58 
(-622) 76.5 0.68 
Table I.4. Summary of FWHMχ 
measurements for determining 
SRM for B0 target 13. 
Figure I.28. General Area Detector Diffraction System image B0 target 14.  
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01-089-0835 (C) - Diopside ferrian, syn - Ca1.007(Mg0.805Fe0.214)((Si1.75Fe0.241)O6) - Monoclinic - 
01-083-2058 (C) - Enstatite manganoan cobaltian - Mg1.562Mn0.175Co0.263Si2O6 - Orthorhombic - Pb
Y + 3.0 mm - File: Jenkins_B0_B3_02 [001].raw
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Figure I.29. Intensity versus 2θ diffraction pattern for B0 target 14 and image of targeted spot. Diffraction pattern 
matches diopside and anorthite. 
Figure I.30. General Area Detector Diffraction System image B0 target 15.  
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01-083-0670 (C) - Enstatite ferroan, syn - (Fe0.119Mg0.881)(Fe0.379Mg0.621)Si2O6 - Orthorhombic - P
01-087-0677 (C) - Forsterite ferroan - (Mg,Fe)2SiO4 - Orthorhombic - Pbnm (62)
Y + 3.0 mm - File: Jenkins_B0_B3_03 [001].raw
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Figure I.31. Intensity versus 2θ diffraction pattern for B0 target 15 and image of targeted spot. Diffraction pattern 
matches forsterite and enstatite. 
Figure I.32. General Area Detector Diffraction System image B0 target 16.  
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01-087-0677 (C) - Forsterite ferroan - (Mg,Fe)2SiO4 - Orthorhombic - Pbnm (62)
Y + 3.0 mm - File: Jenkins_B0_B3_04 [001].raw
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Figure I.33. Intensity versus 2θ diffraction pattern for B0 target 16 and image of targeted spot. Diffraction pattern 
matches forsterite. 
Figure I.34. General Area Detector Diffraction System image B0 target 17.  
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01-087-0677 (C) - Forsterite ferroan - (Mg,Fe)2SiO4 - Orthorhombic - Pbnm (62)
Y + 3.0 mm - File: Jenkins_B0_B3_05 [001].raw
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Figure I.35. Intensity versus 2θ diffraction pattern for B0 target 17 and image of targeted spot. Diffraction pattern 
matches forsterite. 
Figure I.36. General Area Detector Diffraction System image B0 target 18.  
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01-083-2058 (C) - Enstatite manganoan cobaltian - Mg1.562Mn0.175Co0.263Si2O6 - Orthorhombic - Pb
01-073-0264 (C) - Anorthite - Ca(Al2Si2O8) - Triclinic - P-1 (2)
01-087-0677 (C) - Forsterite ferroan - (Mg,Fe)2SiO4 - Orthorhombic - Pbnm (62)
Y + 3.0 mm - File: Jenkins_B0_B3_06 [001].raw
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Figure I.37. Intensity versus 2θ diffraction pattern for B0 target 18 and image of targeted spot. Diffraction pattern 
matches forsterite, enstatite, and anorthite. 
Figure I.38. General Area Detector Diffraction System image B0 target 19.  
331 
 
 
 
 
 
 
 
01-083-2058 (C) - Enstatite manganoan cobaltian - Mg1.562Mn0.175Co0.263Si2O6 - Orthorhombic - Pb
01-087-0677 (C) - Forsterite ferroan - (Mg,Fe)2SiO4 - Orthorhombic - Pbnm (62)
Y + 3.0 mm - File: Jenkins_B0_B3_07 [001].raw
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Figure I.39. Intensity versus 2θ diffraction pattern for B0 target 19 and image of targeted spot. Diffraction pattern 
matches forsterite and enstatite 
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Appendix J: Data from B1a 
Target Name in Thesis .raw* File Name 
B1a Target 1 Jenkins_30_233_01.raw 
B1a Target 2 Jenkins_30_233_02.raw 
B1a Target 3 Jenkins_30_233_03.raw 
B1a Target 4 Jenkins_30_233_04.raw 
B1a Target 5 Jenkins_30_233_05.raw 
B1a Target 6 Jenkins_30_233_06.raw 
B1a Target 7 Jenkins_30_233_07.raw 
 
 Frame 1 Frame 2 
θ1 (°) 14.5 35.5 
θ2 (°) 22 40 
ω 10 18 
Collection time (minutes) 60 90 
Table J.1. Reference Table for .raw* files and the corresponding names they are referred to in the text for 
Sample B1a 
Table J.2. Summary of data collection 
parameters for B1a. 
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Figure J.1. Energy dispersive X-ray spectroscopy data and backscattered electron map images for B1a target 1. 
Minerals observed are olivine, plagioclase, pigeonite, and orthopyroxene. 
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Figure J.2. General Area Detector Diffraction System image B1a target 1  
01-087-0677 (C) - Forsterite ferroan - (Mg,Fe)2SiO4 - Orthorhombic - Pbnm (62)
Y + 3.0 mm - File: Jenkins_30_233_01 [001].raw
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Figure J.3. Intensity versus 2θ diffraction pattern for B1a target 1 and image of targeted spot. Diffraction pattern matches 
forsterite. 
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1.0 mm.  
Title        : IMG1 
--------------------------- 
Instrument   : JCM-6000 
Volt         : 15.00 kV 
Mag.         : x 54 
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Figure J.4. Energy dispersive X-ray spectroscopy data and backscattered electron map images for B1a targets 2 
and 3. The mineral observed is olivine. 
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Figure J.5. General Area Detector Diffraction System image B1a target 2  
01-073-0264 (C) - Anorthite - Ca(Al2Si2O8) - Triclinic - P-1 (2)
01-087-0677 (C) - Forsterite ferroan - (Mg,Fe)2SiO4 - Orthorhombic - Pbnm (62)
Y + 3.0 mm - File: Jenkins_30_233_02 [001].raw
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Figure J.6. Intensity versus 2θ diffraction pattern for B1a target 2 and image of targeted spot. Diffraction pattern matches 
forsterite and anorthite. 
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Figure J.7. General Area Detector Diffraction System image B1a target 3.  
01-087-0677 (C) - Forsterite ferroan - (Mg,Fe)2SiO4 - Orthorhombic - Pbnm (62)
Y + 3.0 mm - File: Jenkins_30_233_03 [001].raw
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Figure J.8. Intensity versus 2θ diffraction pattern for B1a target 3 and image of targeted spot. Diffraction pattern matches 
forsterite. 
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Figure J.9. Energy dispersive X-ray spectroscopy data and backscattered electron map images for B1a targets 4-
6. The mineral observed is olivine. 
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Figure J.10. General Area Detector Diffraction System image B1a target 4.  
01-073-0264 (C) - Anorthite - Ca(Al2Si2O8) - Triclinic - P-1 (2)
01-087-0677 (C) - Forsterite ferroan - (Mg,Fe)2SiO4 - Orthorhombic - Pbnm (62)
Y + 3.0 mm - File: Jenkins_30_233_04 [001].raw
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Figure J.11. Intensity versus 2θ diffraction pattern for B1a target 4 and image of targeted spot. Diffraction pattern 
matches forsterite and anorthite. 
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Figure J.12. General Area Detector Diffraction System image B1a target 5.  
01-087-0677 (C) - Forsterite ferroan - (Mg,Fe)2SiO4 - Orthorhombic - Pbnm (62)
Operations: Background 2.570,0.000 | Range Op. Merge | Import [001]
Y + 3.0 mm - File: Jenkins_30_233_05 [001].raw
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Figure J.13. Intensity versus 2θ diffraction pattern for B1a target 5 and image of targeted spot. Diffraction pattern 
matches forsterite. 
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Figure J.14. General Area Detector Diffraction System image B1a target 6.  
01-073-0264 (C) - Anorthite - Ca(Al2Si2O8) - Triclinic - P-1 (2)
01-087-0677 (C) - Forsterite ferroan - (Mg,Fe)2SiO4 - Orthorhombic - Pbnm (62)
Y + 3.0 mm - File: Jenkins_30_233_06 [001].raw
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Figure J.15. Intensity versus 2θ diffraction pattern for B1a target 6 and image of targeted spot. Diffraction pattern 
matches forsterite and anorthite. 
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Figure J.16. Energy dispersive X-ray spectroscopy data and backscattered electron map images for B1a target 7. 
The mineral observed is olivine. 
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Figure J.17. General Area Detector Diffraction System image B1a target 7.  
01-087-0677 (C) - Forsterite ferroan - (Mg,Fe)2SiO4 - Orthorhombic - Pbnm (62)
Y + 3.0 mm - File: Jenkins_30_233_07 [001].raw
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Figure J.18. Intensity versus 2θ diffraction pattern for B1a target 7 and image of targeted spot. Diffraction pattern 
matches forsterite. 
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Figure J.19. Energy dispersive X-ray spectroscopy data and backscattered electron map images for a sliver of 
pigeonite observed in sample B1a. 
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Appendix K: Data from B1b 
Target Name in Thesis .raw* File Name 
B1b Target 1 Jenkins_bush_30_40_01.raw 
B1b Target 2 Jenkins_bush_30_40_02.raw 
B1b Target 3 Jenkins_bush_30_40_03.raw 
B1b Target 4 Jenkins_bush_30_40_04.raw 
B1b Target 5 Jenkins_bush_30_40_05.raw 
B1b Target 6 Jenkins_bush_30_40_06.raw 
B1b Target 7 Jenkins_30_40_2_01.raw 
B1b Target 8 Jenkins_30_40_2_02.raw 
B1b Target 9 Jenkins_30_40_2_03.raw 
B1b Target 10 Jenkins_30_40_2_04.raw 
B1b Target 11 Jenkins_30_40_2_05.raw 
B1b Target 12 Jenkins_30_40_2_06.raw 
B1b Target 13 Jenkins_30_293_cpx_01.raw 
 
 
 
Table K.1. Reference Table for .raw* files and the corresponding names they are referred to in the text for 
Sample B1b 
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 Frame 1 Frame 2 
θ1 (°) 14.5 35.5 
θ2 (°) 22 40 
ω 10 18 
Collection time (minutes) 60 90 
 
 
Table K.2. Summary of data collection 
parameters for B1b. 
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Figure K.1. Energy dispersive X-ray spectroscopy data and backscattered electron map images for B1b targets 1 
and 8-13. Minerals observed are olivine, augite, a titanium-rich olivine, and orthopyroxene. 
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Figure K.2. General Area Detector Diffraction System image B1b target 1  
01-087-0677 (C) - Forsterite ferroan - (Mg,Fe)2SiO4 - Orthorhombic - Pbnm (62)
01-078-2330 (C) - Anorthite - Na.25Ca.71(Al2Si2O8) - Triclinic - P-1 (2)
Y + 3.0 mm - Jenkins_bush_30_40              Jenkins_bush_30_40. Jenkins_Jenkins_bush_30_40. Jenkins_bus
L
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Figure K.3. Intensity versus 2θ diffraction pattern for B1b target 1 and image of targeted spot. Diffraction pattern 
matches forsterite and anorthite. 
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Figure K.4. Energy dispersive X-ray spectroscopy data and backscattered electron map images for B1b targets 2 
and 7. The mineral observed is olivine. 
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Figure K.5. General Area Detector Diffraction System image B1b target 2.  
01-087-0677 (C) - Forsterite ferroan - (Mg,Fe)2SiO4 - Orthorhombic - Pbnm (62)
Y + 3.0 mm - Jenkins_bush_30_40              Jenkins_bush_30_40. Jenkins_Jenkins_bush_30_40. Jenkins_bus
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Figure K.6. Intensity versus 2θ diffraction pattern for B1b target 2 and image of targeted spot. Diffraction pattern 
matches forsterite. 
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Figure K.7. Energy dispersive X-ray spectroscopy data and backscattered electron map images for B1b targets 3 
and 4. The minerals observed are olivine, orthopyroxene, and plagioclase. 
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Figure K.8. General Area Detector Diffraction System image B1b target 3.  
01-087-0677 (C) - Forsterite ferroan - (Mg,Fe)2SiO4 - Orthorhombic - Pbnm (62)
01-078-2330 (C) - Anorthite - Na.25Ca.71(Al2Si2O8) - Triclinic - P-1 (2)
Y + 3.0 mm - Jenkins_bush_30_40              Jenkins_bush_30_40. Jenkins_Jenkins_bush_30_40. Jenkins_bus
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Figure K.9. Intensity versus 2θ diffraction pattern for B1b target 3 and image of targeted spot. Diffraction pattern 
matches forsterite and anorthite. 
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Figure K.10. General Area Detector Diffraction System image B1b target 4.  
Figure K.11. Intensity versus 2θ diffraction pattern for B1b target 4 and image of targeted spot. Diffraction pattern 
matches forsterite and anorthite. 
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Figure K.12. Energy dispersive X-ray spectroscopy data and backscattered electron map images for B1b targets 
5 and 6. The minerals observed are olivine, orthopyroxene, and a titanium rich olivine. 
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Figure K.13. Energy dispersive X-ray spectroscopy data and backscattered electron map images for an area near 
B1b target 5. The mineral observed is clinopyroxene. 
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Figure K.14. General Area Detector Diffraction System image B1b target 5.  
01-087-0677 (C) - Forsterite ferroan - (Mg,Fe)2SiO4 - Orthorhombic - Pbnm (62)
01-078-2330 (C) - Anorthite - Na.25Ca.71(Al2Si2O8) - Triclinic - P-1 (2)
Y + 3.0 mm - Jenkins_bush_30_40              Jenkins_bush_30_40. Jenkins_Jenkins_bush_30_40. Jenkins_bus
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Figure K.15. Intensity versus 2θ diffraction pattern for B1b target 5 and image of targeted spot. Diffraction pattern 
matches forsterite and anorthite. 
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Figure K.16. General Area Detector Diffraction System image B1b target 6.  
01-087-0677 (C) - Forsterite ferroan - (Mg,Fe)2SiO4 - Orthorhombic - Pbnm (62)
01-078-2330 (C) - Anorthite - Na.25Ca.71(Al2Si2O8) - Triclinic - P-1 (2)
Y + 3.0 mm - Jenkins_bush_30_40              Jenkins_bush_30_40. Jenkins_Jenkins_bush_30_40. Jenkins_bus
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Figure K.17. Intensity versus 2θ diffraction pattern for B1b target 6 and image of targeted spot. Diffraction pattern 
matches forsterite and anorthite. 
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Figure K.18. General Area Detector Diffraction System image B1b target 7.  
01-087-0677 (C) - Forsterite ferroan - (Mg,Fe)2SiO4 - Orthorhombic - Pbnm (62)
01-078-2330 (C) - Anorthite - Na.25Ca.71(Al2Si2O8) - Triclinic - P-1 (2)
Y + 3.0 mm - Jenkins_30_40_2                 Jenkins_30_40_2. Jenkins_30_Jenkins_30_40_2. Jenkins_30_40_2 [001] - File: J
L
in
 (
C
o
u
n
ts
)
0
10
20
30
40
50
60
70
80
90
100
110
120
130
140
150
160
2-Theta - Scale
12 20 30 40 50 60 70 80 90 100
Figure K.19. Intensity versus 2θ diffraction pattern for B1b target 7 and image of targeted spot. Diffraction pattern 
matches forsterite and anorthite. 
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Figure K.20. General Area Detector Diffraction System image B1b target 8.  
01-087-0677 (C) - Forsterite ferroan - (Mg,Fe)2SiO4 - Orthorhombic - Pbnm (62)
01-078-2330 (C) - Anorthite - Na.25Ca.71(Al2Si2O8) - Triclinic - P-1 (2)
Y + 3.0 mm - Jenkins_30_40_2                 Jenkins_30_40_2. Jenkins_30_Jenkins_30_40_2. Jenkins_30_40_2 [001] - File: J
L
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Figure K.21. Intensity versus 2θ diffraction pattern for B1b target 8 and image of targeted spot. Diffraction pattern 
matches forsterite and anorthite. 
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Figure K.22. General Area Detector Diffraction System image B1b target 9.  
01-087-0677 (C) - Forsterite ferroan - (Mg,Fe)2SiO4 - Orthorhombic - Pbnm (62)
01-089-0835 (C) - Diopside ferrian, syn - Ca1.007(Mg0.805Fe0.214)((Si1.75Fe0.241)O6) - Monoclinic - C2/c (15)
Y + 3.0 mm - Jenkins_30_40_2                 Jenkins_30_40_2. Jenkins_30_Jenkins_30_40_2. Jenkins_30_40_2 [001] - File: J
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Figure K.23. Intensity versus 2θ diffraction pattern for B1b target 9 and image of targeted spot. Diffraction pattern 
matches forsterite and diopside. 
361 
 
 
Figure K.24. General Area Detector Diffraction System image B1b target 10.  
01-083-0087 (C) - Fosterite ferroan - (Mg0.82Fe0.18)(Mg0.902Fe0.098)(SiO4) - Orthorhombic - Pbnm (62)
01-078-2330 (C) - Anorthite - Na.25Ca.71(Al2Si2O8) - Triclinic - P-1 (2)
Y + 3.0 mm - Jenkins_30_40_2                 Jenkins_30_40_2. Jenkins_30_Jenkins_30_40_2. Jenkins_30_40_2 [001] - File: J
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Figure K.25. Intensity versus 2θ diffraction pattern for B1b target 10 and image of targeted spot. Diffraction pattern 
matches forsterite and anorthite. 
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Figure K.26. General Area Detector Diffraction System image B1b target 11.  
01-087-0677 (C) - Forsterite ferroan - (Mg,Fe)2SiO4 - Orthorhombic - Pbnm (62)
01-078-2330 (C) - Anorthite - Na.25Ca.71(Al2Si2O8) - Triclinic - P-1 (2)
Y + 3.0 mm - Jenkins_30_40_2                 Jenkins_30_40_2. Jenkins_30_Jenkins_30_40_2. Jenkins_30_40_2 [001] - File: J
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Figure K.27. Intensity versus 2θ diffraction pattern for B1b target 11 and image of targeted spot. Diffraction pattern 
matches forsterite and anorthite. 
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Figure K.28. General Area Detector Diffraction System image B1b target 12.  
01-089-0835 (C) - Diopside ferrian, syn - Ca1.007(Mg0.805Fe0.214)((Si1.75Fe0.241)O6) - Monoclinic - C2/c (15)
01-078-2330 (C) - Anorthite - Na.25Ca.71(Al2Si2O8) - Triclinic - P-1 (2)
Y + 3.0 mm - Jenkins_30_40_2                 Jenkins_30_40_2. Jenkins_30_Jenkins_30_40_2. Jenkins_30_40_2 [001] - File: J
L
in
 (
C
o
u
n
ts
)
0
10
20
30
40
50
2-Theta - Scale
12 20 30 40 50 60 70 80 90 100
Figure K.29. Intensity versus 2θ diffraction pattern for B1b target 12 and image of targeted spot. Diffraction pattern 
matches diopside and anorthite. 
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Figure K.30. General Area Detector Diffraction System image B1b target 13.  
01-089-0835 (C) - Diopside ferrian, syn - Ca1.007(Mg0.805Fe0.214)((Si1.75Fe0.241)O6) - Monoclinic - 
01-073-0264 (C) - Anorthite - Ca(Al2Si2O8) - Triclinic - P-1 (2)
01-087-0677 (C) - Forsterite ferroan - (Mg,Fe)2SiO4 - Orthorhombic - Pbnm (62)
Y + 3.0 mm - File: Jenkins_30_293_cpx_01 [001].raw
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Figure K.31. Intensity versus 2θ diffraction pattern for B1b target 13 and image of targeted spot. Diffraction pattern 
matches diopside, forsterite, and anorthite. 
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Appendix L: Data from B2 
Target Name in Thesis .raw* File Name 
B2 Target 1 Jenkins_bush_30_40_07.raw 
B2 Target 2 Jenkins_30_40_2_07.raw 
 
 Frame 1 Frame 2 
θ1 (°) 14.5 35.5 
θ2 (°) 22 40 
ω 10 18 
Collection time (minutes) 60 90 
 
 
 
 
 
 
Table L.1. Reference Table for .raw* files and the corresponding names they are referred to in the text for 
Sample B2 
Table L.2 Summary of data collection 
parameters for B2. 
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Figure L.1. General Area Detector Diffraction System image B2 target 1.  
01-087-0624 (C) - Forsterite ferroan, syn - (Mg,Fe)2SiO4 - Orthorhombic - Pbnm (62)
Y + 3.0 mm - Jenkins_bush_30_40              Jenkins_bush_30_40. Jenkins_Jenkins_bush_30_40. Jenkins_bush_30_40 [ [...]
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Figure L.2. Intensity versus 2θ diffraction pattern for B2 target 1 and image of targeted spot. Diffraction pattern matches 
forsterite. 
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Figure L.3. General Area Detector Diffraction System image B2 target 2.  
Figure L.3. Image of B2 target 2.  
368 
 
 
 
Appendix M: Data from B3 
Target Name in Thesis .raw* File Name 
B3 Target 1 Jenkins_bushveld_40gpa_50GPA_01.raw 
B3 Target 2 Jenkins_bushveld_40gpa_50GPA_02.raw 
B3 Target 3 Jenkins_bushveld_40gpa_50GPA_03.raw 
B3 Target 4 Jenkins_bushveld_40gpa_50GPA_04.raw 
B3 Target 5 Jenkins_bushveld_40gpa_50GPA_05.raw 
B3 Target 6 Jenkins_bushveld_40gpa_50GPA_06.raw 
B3 Target 7 Jenkins_bushveld_40gpa_50GPA_07.raw 
B3 Target 8 Jenkins_50_0_01.raw 
B3 Target 9 Jenkins_50Gpa_B_3_01.raw 
B3 Target 10 Jenkins_50Gpa_B_3_02.raw 
B3 Target 11 Jenkins_B3_4_01.raw 
B3 Target 12 Jenkins_B0_B3_08.raw 
B3 Target 13 Jenkins_B0_B3_09.raw 
 
 
Table M.1. Reference Table for .raw* files and the corresponding names they are referred to in the text for 
Sample B3 
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 Targets 1-8 and 11-13 Targets 9 and 10 
 Frame 1  Frame 2  Frame 1  Frame 2  
θ1 (°) 14.5 35.5 14.5 35.5 
θ2 (°) 22 40 22 40 
ω 10 18 10 18 
Collection time (minutes) 60 90 90 120 
 
 
Table M.2. Summary of data collection parameters for B3. 
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Figure M.1. General Area Detector Diffraction System image B3 target 1.  
01-087-0677 (C) - Forsterite ferroan - (Mg,Fe)2SiO4 - Orthorhombic - Pbnm (62)
01-089-0835 (C) - Diopside ferrian, syn - Ca1.007(Mg0.805Fe0.214)((Si1.75Fe0.241)O6) - Monoclinic - C2/c (15)
Y + 3.0 mm - Jenkins_Bushveld_40gpa_50GPa    Jenkins_Bushveld_40gpa_50GPaJenkins_Bushveld_40gpa_50GPa. Jenk
L
in
 (
C
o
u
n
ts
)
0
100
200
300
2-Theta - Scale
12 20 30 40 50 60 70 80 90 100
Figure M.2. Intensity versus 2θ diffraction pattern for B3 target 1 and image of targeted spot. Diffraction pattern matches 
forsterite and diopside. 
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Figure M.3. General Area Detector Diffraction System image B3 target 2.  
01-087-0677 (C) - Forsterite ferroan - (Mg,Fe)2SiO4 - Orthorhombic - Pbnm (62)
01-089-0835 (C) - Diopside ferrian, syn - Ca1.007(Mg0.805Fe0.214)((Si1.75Fe0.241)O6) - Monoclinic - C2/c (15)
Y + 3.0 mm - Jenkins_Bushveld_40gpa_50GPa    Jenkins_Bushveld_40gpa_50GPaJenkins_Bushveld_40gpa_50GPa. Jenk
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Figure M.4. Intensity versus 2θ diffraction pattern for B3 target 2 and image of targeted spot. Diffraction pattern matches 
forsterite and diopside. 
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Figure M.5. General Area Detector Diffraction System image B3 target 3.  
01-087-0677 (C) - Forsterite ferroan - (Mg,Fe)2SiO4 - Orthorhombic - Pbnm (62)
01-089-0835 (C) - Diopside ferrian, syn - Ca1.007(Mg0.805Fe0.214)((Si1.75Fe0.241)O6) - Monoclinic - C2/c (15)
Y + 3.0 mm - Jenkins_Bushveld_40gpa_50GPa    Jenkins_Bushveld_40gpa_50GPaJenkins_Bushveld_40gpa_50GPa. Jenk
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Figure M.6. Intensity versus 2θ diffraction pattern for B3 target 3 and image of targeted spot. Diffraction pattern matches 
forsterite and diopside. 
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Figure M.7. General Area Detector Diffraction System image B3 target 4.  
01-087-0677 (C) - Forsterite ferroan - (Mg,Fe)2SiO4 - Orthorhombic - Pbnm (62)
01-089-0835 (C) - Diopside ferrian, syn - Ca1.007(Mg0.805Fe0.214)((Si1.75Fe0.241)O6) - Monoclinic - C2/c (15)
Y + 3.0 mm - Jenkins_Bushveld_40gpa_50GPa    Jenkins_Bushveld_40gpa_50GPaJenkins_Bushveld_40gpa_50GPa. Jenk
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Figure M.8. Intensity versus 2θ diffraction pattern for B3 target 4 and image of targeted spot. Diffraction pattern matches 
forsterite and diopside. 
374 
 
 
Figure M.9. General Area Detector Diffraction System image B3 target 5.  
01-087-0677 (C) - Forsterite ferroan - (Mg,Fe)2SiO4 - Orthorhombic - Pbnm (62)
01-089-0835 (C) - Diopside ferrian, syn - Ca1.007(Mg0.805Fe0.214)((Si1.75Fe0.241)O6) - Monoclinic - C2/c (15)
Y + 3.0 mm - Jenkins_Bushveld_40gpa_50GPa    Jenkins_Bushveld_40gpa_50GPaJenkins_Bushveld_40gpa_50GPa. Jenk
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in
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Figure M.10. Intensity versus 2θ diffraction pattern for B3 target 5 and image of targeted spot. Diffraction pattern 
matches forsterite and diopside. 
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Miller Index 2θ (º) β(º) FWHMχ (°) 
(-221) 34.7 0.396 2.81 
(-311) 36.0 0.432  
(-311) 36.0 0.396 6.62 
(202) 52.6 0.628  
 
 
 
 
Table M.3. Summary of FWHMχ 
measurements for determining SRM and 
β measurements for creating the WH plot 
for B3 target 5. 
y = 1.269x + 0.0009
R² = 0.9825
0
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tanθ
Figure M.11. Williamson-Hall plot for B3 target 5. Corresponds to a lattice strain 
value of 0.317±0.120%. 
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Figure M.12. General Area Detector Diffraction System image B3 target 6.  
01-087-0677 (C) - Forsterite ferroan - (Mg,Fe)2SiO4 - Orthorhombic - Pbnm (62)
Y + 3.0 mm - Jenkins_Bushveld_40gpa_50GPa    Jenkins_Bushveld_40gpa_50GPaJenkins_Bushveld_40gpa_50GPa. Jenk
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Figure M.13. Intensity versus 2θ diffraction pattern for B3 target 6 and image of targeted spot. Diffraction pattern 
matches forsterite. 
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Figure M.14. General Area Detector Diffraction System image B3 target 7.  
01-087-0677 (C) - Forsterite ferroan - (Mg,Fe)2SiO4 - Orthorhombic - Pbnm (62)
Y + 3.0 mm - Jenkins_Bushveld_40gpa_50GPa    Jenkins_Bushveld_40gpa_50GPaJenkins_Bushveld_40gpa_50GPa. Jenk
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Figure M.15. Intensity versus 2θ diffraction pattern for B3 target 7 and image of targeted spot. Diffraction pattern 
matches forsterite. 
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Figure M.16. General Area Detector Diffraction System image B3 target 8.  
01-089-0835 (C) - Diopside ferrian, syn - Ca1.007(Mg0.805Fe0.214)((Si1.75Fe0.241)O6) - Monoclinic - 
01-087-0677 (C) - Forsterite ferroan - (Mg,Fe)2SiO4 - Orthorhombic - Pbnm (62)
Y + 3.0 mm - File: Jenkins_50_0_01 [001].raw
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Figure M.17. Intensity versus 2θ diffraction pattern for B3 target 8 and image of targeted spot. Diffraction pattern 
matches forsterite and diopside. 
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Miller Index 2θ (º) β(º) FWHMχ (°) 
(220) 32.2 0.462 5.93 
(-221) 34.5 0.389 8.07 
(310) 35.3 0.338 2.83 
(510) 58.4 0.657 6.43 
Table M.4. Summary of FWHMχ 
measurements for determining SRM and β 
measurements for creating the WH plot for 
B3 target 8. 
y = 0.9811x + 0.0994
R² = 0.7951
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Figure M.18. Williamson-Hall plot for B3 target 8. Corresponds to a lattice strain value of 
0.245±0.352%. 
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Figure M.19. General Area Detector Diffraction System image B3 target 9.  
01-089-0835 (C) - Diopside ferrian, syn - Ca1.007(Mg0.805Fe0.214)((Si1.75Fe0.241)O6) - Monoclinic - 
01-087-0677 (C) - Forsterite ferroan - (Mg,Fe)2SiO4 - Orthorhombic - Pbnm (62)
Y + 3.0 mm - File: Jenkins_50Gpa_B_3_01 [001].raw
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Figure M.20. Intensity versus 2θ diffraction pattern for B3 target 9 and image of targeted spot. Diffraction pattern 
matches forsterite and diopside. 
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Miller Index 2θ (º) β(º) FWHMχ (°) 
(310) 35.3 0.412  
(-311) 36.0 0.481  
(-421) 50.2 0.602  
(621) 84.4 0.797 5.39 
Table M.5. Summary of FWHMχ 
measurements for determining SRM and 
β measurements for creating the WH plot 
for B3 target 9. 
y = 0.5893x + 0.2757
R² = 0.9355
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Figure M.21. Williamson-Hall plot for B3 target 9. Corresponds to a lattice strain 
value of 0.160±0.133%. 
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Figure M.22. General Area Detector Diffraction System image B3 target 10.  
01-089-0835 (C) - Diopside ferrian, syn - Ca1.007(Mg0.805Fe0.214)((Si1.75Fe0.241)O6) - Monoclinic - 
01-087-0677 (C) - Forsterite ferroan - (Mg,Fe)2SiO4 - Orthorhombic - Pbnm (62)
Y + 3.0 mm - File: Jenkins_50Gpa_B_3_02 [001].raw
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Figure M.23. Intensity versus 2θ diffraction pattern for B3 target 10 and image of targeted spot. Diffraction pattern 
matches forsterite and diopside. 
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Miller Index 2θ (º) β(º) FWHMχ (°) 
(310) 35.2 0.268 3.96 
(-311) 36.0 0.322 13.42 
(402) 71.5 0.692  
(621) 84.4 0.849  
Table M.6. Summary of FWHMχ 
measurements for determining SRM and β 
measurements for creating the WH plot for 
B3 target 10. 
y = 0.9582x - 0.0107
R² = 0.9944
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Figure M.24. Williamson-Hall plot for B3 target 10. Due to the negative intercept, a 
reliable lattice strain value cannot be obtained from this Williamson-Hall plot. 
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Figure M.25. General Area Detector Diffraction System image B3 target 11.  
01-089-0835 (C) - Diopside ferrian, syn - Ca1.007(Mg0.805Fe0.214)((Si1.75Fe0.241)O6) - Monoclinic - 
01-087-0677 (C) - Forsterite ferroan - (Mg,Fe)2SiO4 - Orthorhombic - Pbnm (62)
Y + 3.0 mm - File: Jenkins_B3_4_01 [001].raw
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Figure M.26. Intensity versus 2θ diffraction pattern for B3 target 11 and image of targeted spot. Diffraction pattern 
matches forsterite and diopside. 
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Miller Index 2θ (º) β(º) FWHMχ (°) 
(310) 35.3 0.325 5.93 
(-311) 36.0 0.403  
(-531) 66.7 0.682  
(621) 84.4 0.935  
Table M.7. Summary of FWHMχ 
measurements for determining SRM and 
β measurements for creating the WH plot 
for B3 target 11. 
y = 0.9722x + 0.0496
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Figure M.27. Williamson-Hall plot for B3 target 11. Corresponds to a lattice strain 
value of 0.243±0.106%. 
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Figure M.28. General Area Detector Diffraction System image B3 target 12.  
01-089-0835 (C) - Diopside ferrian, syn - Ca1.007(Mg0.805Fe0.214)((Si1.75Fe0.241)O6) - Monoclinic - 
01-087-0677 (C) - Forsterite ferroan - (Mg,Fe)2SiO4 - Orthorhombic - Pbnm (62)
Y + 3.0 mm - File: Jenkins_B0_B3_08 [001].raw
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Figure M.29. Intensity versus 2θ diffraction pattern for B3 target 12 and image of targeted spot. Diffraction pattern 
matches forsterite and diopside. 
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Figure M.30. General Area Detector Diffraction System image B3 target 13.  
01-089-0835 (C) - Diopside ferrian, syn - Ca1.007(Mg0.805Fe0.214)((Si1.75Fe0.241)O6) - Monoclinic - 
01-087-0677 (C) - Forsterite ferroan - (Mg,Fe)2SiO4 - Orthorhombic - Pbnm (62)
Y + 3.0 mm - File: Jenkins_B0_B3_09 [001].raw
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Figure M.31. Intensity versus 2θ diffraction pattern for B3 target 13 and image of targeted spot. Diffraction pattern 
matches forsterite and diopside. 
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Appendix N: Data from Nakhla 
Target Name in Thesis .raw* File Name 
Nakhla Target 1 Jenkins_Nakhlapx_01.raw 
Nakhla Target 2 Jenkins_Nakhlapx_02.raw 
Nakhla Target 3 Jenkins_Nakhlapx_03.raw 
Nakhla Target 4 Jenkins_Nakhlapx_04.raw 
Nakhla Target 5 Jenkins_Nakhlapx_05.raw 
Nakhla Target 6 Jenkins_Nakhlapx_06.raw 
Nakhla Target 7 Jenkins_Nakhlapx_07.raw 
Nakhla Target 8 Jenkins_Nakhlapx_08.raw 
Nakhla Target 9 Jenkins_Nakhlapx_09.raw 
Nakhla Target 10 Jenkins_Nakhlapx_10.raw 
Nakhla Target 11 Jenkins_Nakhlapx_2_01.raw 
Nakhla Target 12 Jenkins_Nakhlapx_2_02.raw 
Nakhla Target 13 Jenkins_Nakhlapx_2_03.raw 
Nakhla Target 14 Jenkins_Nakhlapx_2_04.raw 
Nakhla Target 15 Jenkins_Nakhlapx_2_05.raw 
Nakhla Target 16 Jenkins_Nakhlapx_2_06.raw 
Nakhla Target 17 Jenkins_Nakhlapx_2_07.raw 
Table N.1. Reference Table for .raw* files and the corresponding names they are referred to in the text for 
Nakhla 
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Target Name in Thesis .raw* File Name 
Nakhla Target 18 Jenkins_Nakhlapx_2_08.raw 
Nakhla Target 19 Jenkins_Nakhlapx_2_09.raw 
 
 Frame 1 Frame 2 
θ1 (°) 14.5 35.5 
θ2 (°) 22 40 
ω 10 18 
Collection time (minutes) 60 90 
 
  
Table N.1. (continued) Reference Table for .raw* files and the corresponding names they are referred to in the 
text for Nakhla 
Table N.2. Summary of µXRD data 
collection parameters for Nakhla 
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01-078-1391 (C) - Augite - Ca(Mg0.85Al0.15)((Si1.70Al0.30)O6) - Monoclinic - C2/c (15)
Y + 3.0 mm - File: Jenkins_Nakhlapx_01 [001].raw
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Figure N.2. Intensity versus 2θ diffraction pattern for Nakhla target 1 and image of targeted spot. Diffraction pattern 
matches augite. 
Figure N.1. General Area Detector Diffraction System image Nakhla target 1.  
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Miller Index 2θ (°) β(°) FWHMχ (°) 
(-221) 34.7  3.96 
(-311) 36.0  1.78 
(-331) 49.4 0.538 2.86 
(042) 64.5 0.654  
(-352) 78.6 0.637  
(-153) 91.7 0.790 4.92 
 
 
Table N.3. Summary of FWHMχ 
measurements for determining SRM and 
β measurements for creating the WH plot 
for Nakhla target 1. 
Figure N.3. Williamson-Hall plot for Nakhla target 1. Corresponds to a lattice strain 
value of 0.098±0.113%. 
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Figure N.4. General Area Detector Diffraction System image Nakhla target 2.  
01-083-1658 (C) - Albite high - (K0.22Na0.78)(AlSi3O8) - Triclinic - C-1 (0)
01-078-1391 (C) - Augite - Ca(Mg0.85Al0.15)((Si1.70Al0.30)O6) - Monoclinic - C2/c (15)
Y + 3.0 mm - File: Jenkins_Nakhlapx_02 [001].raw
L
in
 (
C
o
u
n
ts
)
0
10
20
30
40
50
60
70
80
90
100
110
120
130
140
150
160
170
180
190
200
210
220
2-Theta - Scale
13 20 30 40 50 60 70 80 90 100
Figure N.5. Intensity versus 2θ diffraction pattern for Nakhla target 2 and image of targeted spot. Diffraction pattern 
matches augite and albite. 
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Miller Index 2θ (º) β(º) FWHMχ (°) 
(021) 31.0 0.236 0.58 
(-131) 40.7 0.345 0.65 
(400) 44.9 0.441 0.79 
(041) 51.9 0.506 0.86 
(-114) 88.2 0.601 1.31 
(-821) 99.0 0.646  
 
 
Table N.4. Summary of FWHMχ 
measurements for determining SRM and 
β measurements for creating the WH plot 
for Nakhla target 2. 
y = 0.3833x + 0.2269
R² = 0.8123
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Figure N.6. Williamson-Hall plot for Nakhla target 2. Corresponds to a lattice strain 
value of 0.096±0.092%. 
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Figure N.7. General Area Detector Diffraction System image Nakhla target 3.  
01-089-1461 (C) - Anorthite - Ca(Al2Si2O8) - Triclinic - P-1 (2)
01-078-1391 (C) - Augite - Ca(Mg0.85Al0.15)((Si1.70Al0.30)O6) - Monoclinic - C2/c (15)
Y + 3.0 mm - File: Jenkins_Nakhlapx_03 [001].raw
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Figure N.8. Intensity versus 2θ diffraction pattern for Nakhla target 3 and image of targeted spot. Diffraction pattern 
matches augite and anorthite. 
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Miller Index 2θ (º) FWHMχ (°) 
(-131) 40.7 1.03 
(-404) 89.7 1.07 
(-731) 90.4 1.19 
(532) 94.3 0.96 
 
 
 
 
 
Table N.5. Summary of FWHMχ 
measurements for determining 
SRM for Nakhla target 3. 
Figure N.9. General Area Detector Diffraction System image Nakhla target 4.  
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01-078-1391 (C) - Augite - Ca(Mg0.85Al0.15)((Si1.70Al0.30)O6) - Monoclinic - C2/c (15)
Y + 3.0 mm - File: Jenkins_Nakhlapx_04 [001].raw
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Figure N.10. Intensity versus 2θ diffraction pattern for Nakhla target 4 and image of targeted spot. Diffraction pattern 
matches augite. 
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Miller Index 2θ (º) β(º) FWHMχ (°) 
(220) 32.2 0.346  
(-131) 40.6  0.76 
(221) 41.8 0.403 0.86 
(311) 45.9 0.371 0.71 
(022) 48.0  0.56 
(-132) 53.9  0.55 
(222) 58.4 0.421 0.85 
(-512) 62.4  0.60 
(-602) 71.4  0.55 
(-513) 76.1  0.69 
(-712) 84.2  0.62 
(710) 85.1 0.668 0.70 
(800) 99.6  0.62 
 
 
Table N.6. Summary of FWHMχ 
measurements for determining SRM and 
β measurements for creating the WH plot 
for Nakhla target 4. 
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Figure N.12. General Area Detector Diffraction System image Nakhla target 5.  
Figure N.11. Williamson-Hall plot for Nakhla target 4. Corresponds to a lattice strain 
value of 0.128±0.075%. 
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01-078-1391 (C) - Augite - Ca(Mg0.85Al0.15)((Si1.70Al0.30)O6) - Monoclinic - C2/c (15)
Y + 3.0 mm - File: Jenkins_Nakhlapx_05 [001].raw
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Figure N.13. Intensity versus 2θ diffraction pattern for Nakhla target 5 and image of targeted spot. Diffraction pattern 
matches augite. 
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Miller Index 2θ (º) β(º) FWHMχ (°) 
(021) 31.0 0.326 1.16 
(022) 48.0  1.05 
(-421) 50.0 0.422  
(-223) 66.7 0.547  
(-133) 73.0 0.474 1.24 
(620) 74.8 0.342 0.87 
(-711) 81.1 0.509 1.04 
(043) 83.5 0.525 0.99 
(710) 85.2 0.539  
 
 
 
 
 
 
 
Table N.7. Summary of FWHMχ 
measurements for determining SRM and 
β measurements for creating the WH plot 
for Nakhla target 5. 
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Figure N.15. General Area Detector Diffraction System image Nakhla target 6.  
Figure N.14. Williamson-Hall plot for Nakhla target 5. Corresponds to a lattice strain 
value of 0.066±0.119%. 
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01-083-1658 (C) - Albite high - (K0.22Na0.78)(AlSi3O8) - Triclinic - C-1 (0)
01-078-1391 (C) - Augite - Ca(Mg0.85Al0.15)((Si1.70Al0.30)O6) - Monoclinic - C2/c (15)
Y + 3.0 mm - File: Jenkins_Nakhlapx_06 [001].raw
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Figure N.16. Intensity versus 2θ diffraction pattern for Nakhla target 6 and image of targeted spot. Diffraction pattern 
matches augite and anorthite. 
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Miller Index 2θ (º) β(º) FWHMχ (°) 
(022) 48.0 0.439 0.80 
(-132) 54.0 0.445 0.72 
(-711) 81.1 0.481 0.69 
(-443) 87.2 0.549  
(-353) 93.4 0.566 0.96 
 
 
 
 
 
 
 
Table N.8. Summary of FWHMχ 
measurements for determining SRM and 
β measurements for creating the WH plot 
for Nakhla target 6. 
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Figure N.18. General Area Detector Diffraction System image Nakhla target 7.  
Figure N.17. Williamson-Hall plot for Nakhla target 6. Corresponds to a lattice strain 
value of 0.051±0.041%. 
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01-071-0706 (C) - Pigeonite - (Mg.39Fe.52Ca.09)SiO3 - Monoclinic - P21/c (14)
01-078-1391 (C) - Augite - Ca(Mg0.85Al0.15)((Si1.70Al0.30)O6) - Monoclinic - C2/c (15)
Y + 3.0 mm - File: Jenkins_Nakhlapx_07 [001].raw
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Figure N.19. Intensity versus 2θ diffraction pattern for Nakhla target 7 and image of targeted spot. Diffraction pattern 
matches augite and pigeonite. 
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Miller Index 2θ (º) β(º) FWHMχ (°) 
(020) 23.1 0.271 1.15 
(600) 69.9 0.435 1.15 
(710) 85.1 0.529 2.02 
(-731) 90.3 0.583 1.11 
 
 
 
Table N.9. Summary of FWHMχ 
measurements for determining SRM and 
β measurements for creating the WH plot 
for Nakhla target 7. 
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Figure N.20. Williamson-Hall plot for Nakhla target 7. Corresponds to a lattice strain 
value of 0.095±0.028%. 
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Figure N.21. General Area Detector Diffraction System image Nakhla target 8.  
00-002-1241 (D) - Pyrrhotite - FeS - Hexagonal - P63/mmc (194)
01-078-1391 (C) - Augite - Ca(Mg0.85Al0.15)((Si1.70Al0.30)O6) - Monoclinic - C2/c (15)
Y + 3.0 mm - File: Jenkins_Nakhlapx_08 [001].raw
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Figure N.22. Intensity versus 2θ diffraction pattern for Nakhla target 8 and image of targeted spot. Diffraction pattern 
matches augite and pyrrhotite. 
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Miller Index 2θ (º) β(º) FWHMχ (°) 
(021) 31.0 0.282 0.71 
(-131) 40.8  0.71 
(221) 41.8 0.438 1.05 
(112) 47.7 0.417 1.83 
(041) 51.9  0.54 
(132) 59.2 0.444  
(-151) 64.0 0.336 0.55 
(062) 88.4 0.566 0.46 
(-171) 92.2 0.614  
(532) 94.5 0.617 0.53 
 
 
 
 
 
 
Table N.10. Summary of FWHMχ 
measurements for determining SRM and 
β measurements for creating the WH plot 
for Nakhla target 8. 
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Figure N.23. Williamson-Hall plot for Nakhla target 8. Corresponds to a lattice strain 
value of 0.088±0.073%. 
Figure N.24. General Area Detector Diffraction System image Nakhla target 9.  
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01-078-1391 (C) - Augite - Ca(Mg0.85Al0.15)((Si1.70Al0.30)O6) - Monoclinic - C2/c (15)
Y + 3.0 mm - File: Jenkins_Nakhlapx_09 [001].raw
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Figure N.25. Intensity versus 2θ diffraction pattern for Nakhla target 9 and image of targeted spot. Diffraction pattern 
matches augite. 
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Miller Index 2θ (º) β(º) FWHMχ (°) 
(310) 35.4 0.298  
(221) 41.6 0.401  
(022) 47.8 0.402  
(202) 53.2 0.517  
(-113) 63.2  0.73 
(402) 72.2 0.497  
(531) 78.0 0.432 0.87 
(-712) 84.2 0.492 0.58 
(-533) 85.5 0.493 1.07 
 
 
 
 
 
 
Table N.11. Summary of FWHMχ 
measurements for determining SRM and 
β measurements for creating the WH plot 
for Nakhla target 9. 
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Figure N.27. General Area Detector Diffraction System image Nakhla target 10.  
Figure N.26. Williamson-Hall plot for Nakhla target 9. Corresponds to a lattice strain 
value of 0.051±0.091%. 
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Miller Index 2θ (º) FWHMχ (°) 
(-711) 81.1 0.53 
 
 
 
01-083-1658 (C) - Albite high - (K0.22Na0.78)(AlSi3O8) - Triclinic - C-1 (0)
01-078-1391 (C) - Augite - Ca(Mg0.85Al0.15)((Si1.70Al0.30)O6) - Monoclinic - C2/c (15)
Y + 3.0 mm - File: Jenkins_Nakhlapx_10 [001].raw
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Figure N.28. Intensity versus 2θ diffraction pattern for Nakhla target 10 and image of targeted spot. Diffraction pattern 
matches augite and albite. 
Table N.12. Summary of FWHMχ 
measurements for determining 
SRM for Nakhla target 10. 
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Figure N.29. General Area Detector Diffraction System image Nakhla target 11.  
01-083-1658 (C) - Albite high - (K0.22Na0.78)(AlSi3O8) - Triclinic - C-1 (0)
01-078-1391 (C) - Augite - Ca(Mg0.85Al0.15)((Si1.70Al0.30)O6) - Monoclinic - C2/c (15)
Y + 3.0 mm - File: Jenkins_Nakhlapx_2_01 [001].raw
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Figure N.30. Intensity versus 2θ diffraction pattern for Nakhla target 11 and image of targeted spot. Diffraction pattern 
matches augite and albite. 
415 
 
Miller Index 2θ (º) β(º) FWHMχ (°) 
(021) 31.0 0.332 0.83 
(-311) 36.0 0.286  
(221) 41.8 0.299  
(-711) 81.1 0.450 0.68 
(043) 83.5 0.441 1.12 
(062) 88.3 0.576  
 
 
Table N.13. Summary of FWHMχ 
measurements for determining SRM and 
β measurements for creating the WH plot 
for Nakhla target 12. 
Figure N.31. Williamson-Hall plot for Nakhla target 11. Corresponds to a lattice 
strain value of 0.081±0.068%. 
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 Figure N.32. General Area Detector Diffraction System image Nakhla target 12.  
01-078-1391 (C) - Augite - Ca(Mg0.85Al0.15)((Si1.70Al0.30)O6) - Monoclinic - C2/c (15)
Y + 3.0 mm - File: Jenkins_Nakhlapx_2_02 [001].raw
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Figure N.33. Intensity versus 2θ diffraction pattern for Nakhla target 12 and image of targeted spot. Diffraction pattern 
matches augite. 
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Miller Index 2θ (º) β(º) FWHMχ (°) 
(020) 23.1 0.436 1.64 
(310) 35.4 0.479 1.53 
(-131) 40.8 0.452 0.86 
(022) 47.9 0.370 0.68 
(331) 57.5 0.506 1.12 
(241) 59.6 0.457  
(042) 64.5 0.451  
(350) 70.3 0.428 1.12 
(-352) 78.6 0.432  
 
 
 
 
 
 
 
Table N.14. Summary of FWHMχ 
measurements for determining SRM and β 
measurements for creating the WH plot for 
Nakhla target 12. 
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Figure N.34. Williamson-Hall plot for Nakhla target 12. Negative slope indicates that 
the lattice strain value obtained from this Williamson-Hall plot would be unreliable. 
Figure N.35. General Area Detector Diffraction System image Nakhla target 13.  
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01-083-1658 (C) - Albite high - (K0.22Na0.78)(AlSi3O8) - Triclinic - C-1 (0)
01-078-1391 (C) - Augite - Ca(Mg0.85Al0.15)((Si1.70Al0.30)O6) - Monoclinic - C2/c (15)
Y + 3.0 mm - File: Jenkins_Nakhlapx_2_03 [001].raw
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Figure N.36. Intensity versus 2θ diffraction pattern for Nakhla target 13 and image of targeted spot. Diffraction pattern 
matches augite and albite. 
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Miller Index 2θ (º) β(º) FWHMχ (°) 
(-221) 34.8 0.405 0.95 
(400) 45.0 0.387 0.79 
(-223) 66.9 0.451  
(-133) 72.9 0.424  
(710) 85.1 0.560 0.95 
(551) 96.4 0.680 0.79 
 
Table N.15. Summary of FWHMχ 
measurements for determining SRM and 
β measurements for creating the WH plot 
for Nakhla target 13. 
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Figure N.37. Williamson-Hall plot for Nakhla target 13. Corresponds to a lattice 
strain value of 0.085±0.079%. 
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Figure N.38. General Area Detector Diffraction System image Nakhla target 14.  
01-083-1658 (C) - Albite high - (K0.22Na0.78)(AlSi3O8) - Triclinic - C-1 (0)
01-078-1391 (C) - Augite - Ca(Mg0.85Al0.15)((Si1.70Al0.30)O6) - Monoclinic - C2/c (15)
Y + 3.0 mm - File: Jenkins_Nakhlapx_2_04 [001].raw
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Figure N.39. Intensity versus 2θ diffraction pattern for Nakhla target 14 and image of targeted spot. Diffraction pattern 
matches augite and albite. 
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Miller Index 2θ (º) β(º) FWHMχ (°) 
(021) 31.0 0.296 1.05 
(-311) 35.9 0.292  
(-131) 40.8 0.411 1.43 
(022) 47.9 0.444  
(-223) 66.7 0.442  
(-711) 81.2 0.542 1.00 
(043) 83.5 0.491  
(-443) 87.3 0.554 1.01 
(062) 88.4 0.644 1.03 
 
 
 
 
 
 
 
Table N.16. Summary of FWHMχ 
measurements for determining SRM and 
β measurements for creating the WH plot 
for Nakhla target 14. 
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Figure N.40. Williamson-Hall plot for Nakhla target 14. Corresponds to a lattice 
strain value of 0.093±0.062%. 
Figure N.41. General Area Detector Diffraction System image Nakhla target 15.  
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01-078-1391 (C) - Augite - Ca(Mg0.85Al0.15)((Si1.70Al0.30)O6) - Monoclinic - C2/c (15)
Y + 3.0 mm - File: Jenkins_Nakhlapx_2_05 [001].raw
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Figure N.42. Intensity versus 2θ diffraction pattern for Nakhla target 15 and image of targeted spot. Diffraction pattern 
matches augite. 
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Miller Index 2θ (º) β(º) FWHMχ (°) 
(220) 32.1 0.438  
(-311) 35.9 0.265 0.76 
(-131) 40.8 0.351 1.02 
(311) 46.0 0.405 1.58 
(022) 47.9 0.411  
(240) 52.7 0.429 1.14 
(-223) 66.7 0.468  
(351) 77.4 0.441 1.06 
(-713) 94.6 0.712 1.35 
 
 
 
 
 
 
Table N.17. Summary of FWHMχ 
measurements for determining SRM and 
β measurements for creating the WH plot 
for Nakhla target 15. 
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Figure N.43. Williamson-Hall plot for Nakhla target 15. Corresponds to a lattice 
strain value of 0.098±0.092%. 
Figure N.44. General Area Detector Diffraction System image Nakhla target 16.  
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01-089-1461 (C) - Anorthite - Ca(Al2Si2O8) - Triclinic - P-1 (2)
01-078-1391 (C) - Augite - Ca(Mg0.85Al0.15)((Si1.70Al0.30)O6) - Monoclinic - C2/c (15)
Y + 3.0 mm - File: Jenkins_Nakhlapx_2_06 [001].raw
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Figure N.45. Intensity versus 2θ diffraction pattern for Nakhla target 16 and image of targeted spot. Diffraction pattern 
matches augite and anorthite. 
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Miller Index 2θ (º) β(º) FWHMχ (°) 
(021) 31.0 0.330  
(130) 36.7 0.286 0.90 
(150) 61.1 0.500 0.68 
(242) 73.7 0.427 0.63 
(531) 78.0 0.434 0.56 
(-711) 81.1 0.434  
 
Table N.18. Summary of FWHMχ 
measurements for determining SRM and 
β measurements for creating the WH plot 
for Nakhla target 16. 
Figure N.46. Williamson-Hall plot for Nakhla target 16. Corresponds to a lattice 
strain value of 0.066±0.059%. 
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Figure N.47. General Area Detector Diffraction System image Nakhla target 17.  
01-083-1658 (C) - Albite high - (K0.22Na0.78)(AlSi3O8) - Triclinic - C-1 (0)
01-078-1391 (C) - Augite - Ca(Mg0.85Al0.15)((Si1.70Al0.30)O6) - Monoclinic - C2/c (15)
Y + 3.0 mm - File: Jenkins_Nakhlapx_2_07 [001].raw
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Figure N.48. Intensity versus 2θ diffraction pattern for Nakhla target 17 and image of targeted spot. Diffraction pattern 
matches augite and albite. 
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Miller Index 2θ (º) β(º) FWHMχ (°) 
(021) 31.0 0.301 0.77 
(330) 49.0 0.503 0.89 
(223) 80.5 0.500 0.80 
(-713) 94.6 0.608 0.59 
 
 
 
Table N.19. Summary of FWHMχ 
measurements for determining SRM and 
β measurements for creating the WH plot 
for Nakhla target 17. 
Figure N.49. Williamson-Hall plot for Nakhla target 17. Corresponds to a lattice 
strain value of 0.076±0.124%. 
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Figure N.50. General Area Detector Diffraction System image Nakhla target 18.  
Figure N.51. Intensity versus 2θ diffraction pattern for Nakhla target 18 and image of targeted spot. Diffraction pattern 
matches augite, olivine, and albite. 
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Miller Index 2θ (º) β(º) FWHMχ (°) 
(111) 28.4 0.344 1.03 
(-713) 94.8 0.700 0.85 
 
 
 
 
 
Table N.20. Summary of FWHMχ 
measurements for determining SRM and 
β measurements for creating the WH plot 
for Nakhla target 18. 
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Figure N.52. Williamson-Hall plot for Nakhla target 18. Corresponds to a lattice 
strain value of 0.107%. There were not enough data points to calculate the standard 
error of regression. 
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Figure N.53. General Area Detector Diffraction System image Nakhla target 19.  
01-083-1658 (C) - Albite high - (K0.22Na0.78)(AlSi3O8) - Triclinic - C-1 (0)
01-078-1391 (C) - Augite - Ca(Mg0.85Al0.15)((Si1.70Al0.30)O6) - Monoclinic - C2/c (15)
Y + 3.0 mm - File: Jenkins_Nakhlapx_2_09 [001].raw
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Figure N.54. Intensity versus 2θ diffraction pattern for Nakhla target 19 and image of targeted spot. Diffraction pattern 
matches augite and albite. 
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Miller Index 2θ (º) β(º) FWHMχ (°) 
(111) 28.4 0.350 1.52 
(-223) 66.7 0.555 2.60 
(223) 80.5 0.519 2.77 
 
 
 
 
Table N.21. Summary of FWHMχ 
measurements for determining SRM and 
β measurements for creating the WH plot 
for Nakhla target 19. 
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Figure N.55. Williamson-Hall plot for Nakhla target 19 Corresponds to a lattice strain 
value of 0.080±0.167%. 
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Appendix O: Data from Zagami 
Target Name in Thesis .raw* File Name 
Zagami Target 1 zagami_01.raw 
Zagami Target 2 zagami_02.raw 
Zagami Target 3 zagami_03.raw 
Zagami Target 4 zagami_04.raw 
Zagami Target 5 zagami_05.raw 
Zagami Target 6 zagami_06.raw 
Zagami Target 7 zagami_07.raw 
Zagami Target 8 zagami_08.raw 
Zagami Target 9 zagami_09.raw 
Zagami Target 10 zagami_10.raw 
Zagami Target 11 zagami_11.raw 
Zagami Target 12 zagami_12.raw 
Zagami Target 13 zagami_13.raw 
Zagami Target 14 zagami_14.raw 
Zagami Target 15 zagami_15.raw 
Zagami Target 16 zagami_16.raw 
Zagami Target 17 zagami_17.raw 
Table O.1. Reference Table for .raw* files and the corresponding names they are referred to in the text for 
Zagami. 
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Target Name in Thesis .raw* File Name 
Zagami target 18 Jenkins_zagamipx_01.raw 
Zagami target 19 Jenkins_zagamipx_02.raw 
Zagami target 20 Jenkins_zagamipx_03.raw 
Zagami target 21 Jenkins_zagamipx_04.raw 
Zagami target 22 Jenkins_zagamipx_05.raw 
Zagami target 23 Jenkins_zagamipx_06.raw 
Zagami target 24 Jenkins_zagamipx_07.raw 
Zagami target 25 Jenkins_zagamipx_08.raw 
Zagami target 26 Jenkins_zagamipx_09.raw 
Zagami target 27 Jenkins_zagamipx_10.raw 
Zagami target 28 Jenkins_zagamipx2_01.raw 
Zagami target 29 Jenkins_zagamipx2_02.raw 
Zagami target 30 Jenkins_zagamipx2_03.raw 
Zagami target 31 Jenkins_zagamipx2_04.raw 
Zagami target 32 Jenkins_zagamipx2_05.raw 
Zagami target 33 Jenkins_zagamipx2_06.raw 
Zagami target 34 Jenkins_zagamipx3_01.raw 
Table O.1. (continued) Reference Table for .raw* files and the corresponding names they are referred to in the 
text for Zagami. 
437 
 
Zagami target 35 Jenkins_zagamipx3_02.raw 
Target Name in Thesis .raw* File Name 
Zagami target 36 Jenkins_zagamipx3_03.raw 
Zagami target 37 Jenkins_zagamipx3_04.raw 
Zagami target 38 Jenkins_zagamipx3_05.raw 
Zagami target 39 Jenkins_zagamipx3_06.raw 
Zagami target 40 Jenkins_zagamipx4_01.raw 
Zagami target 41 Jenkins_zagamipx4_02.raw 
Zagami target 42 Jenkins_zagamipx4_03.raw 
Zagami target 43 Jenkins_zagamipx4_04.raw 
Zagami target 44 Jenkins_zagamipx4_05.raw 
Zagami target 45 Jenkins_zagamipx4_06.raw 
Zagami target 46 Jenkins_zagamipx4_07.raw 
Zagami target 47 Jenkins_zagamipx4_08.raw 
Zagami target 48 Jenkins_zagamipx4_09.raw 
Zagami target 49 Jenkins_zagamipx4_10.raw 
Zagami target 50 Jenkins_zagamipx4_11.raw 
 
 
Table O.1. (continued) Reference Table for .raw* files and the corresponding names they are referred to in the 
text for Zagami. 
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 Targets 1-17 Frame 
1 
Targets 1-17 Frame 
2 
Targets 17-50 Frame 
1 
Targets 17-50 Frame 
2 
θ1 (°) 14.5 35.5 14.5 35.5 
θ2 (°) 22 40 22 40 
ω 10 18 10 18 
Collection time 
(minutes) 
15 25 60 90 
 
Table O.2 Summary of µXRD data collection parameters for Zagami. 
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Figure O.1. General Area Detector Diffraction System image Zagami target 1.  
01-075-1376 (C) - Titanomagnetite - Fe2.50Ti0.50O4 - Cubic - Fd-3m (227)
01-071-0706 (C) - Pigeonite - (Mg.39Fe.52Ca.09)SiO3 - Monoclinic - P21/c (14)
01-078-1391 (C) - Augite - Ca(Mg0.85Al0.15)((Si1.70Al0.30)O6) - Monoclinic - C2/c (15)
File: Zagami_01 [001].raw
L
in
 (
C
o
u
n
ts
)
0
10
20
30
40
50
60
70
80
90
2-Theta - Scale
16 20 30 40 50 60 70 80 90
Figure O.2. Intensity versus 2θ diffraction pattern for Zagami target 1 and image of targeted spot. Diffraction pattern 
matches augite, pigeonite, and titanomagnetite. 
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Figure O.3. General Area Detector Diffraction System image Zagami target 2.  
01-076-0544 (C) - Augite - Ca0.61Mg0.76Fe0.49(SiO3)2 - Monoclinic - C2/c (15)
Y + 4.0 mm - File: Zagami_02 [001].raw
L
in
 (
C
o
u
n
ts
)
0
10
20
30
40
50
60
70
80
90
100
110
120
130
140
150
160
170
180
190
200
210
220
230
240
250
260
270
280
290
300
310
320
330
340
350
2-Theta - Scale
16 20 30 40 50 60 70 80 90
Figure O.4. Intensity versus 2θ diffraction pattern for Zagami target 2 and image of targeted spot. Diffraction pattern 
matches augite. 
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Miller Index 2θ (º) β(º) FWHMχ (°) 
(220) 32.1 0.557 6.10 
(-331) 49.3  8.82 
(150) 61.0 0.710  
 
 
 
 
Table O.3. Summary of FWHMχ 
measurements for determining SRM and 
β measurements for creating the WH plot 
for Zagami target 2. 
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Figure O.5. Williamson-Hall plot for Zagami target 2. Corresponds to a lattice strain 
value of 0.127%. There were not enough data points to calculate the standard error of 
regression. 
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Figure O.6. General Area Detector Diffraction System image Zagami target 3.  
00-013-0458 (D) - Maghemite - gamma-Fe2O3 - Tetragonal - 
01-078-1391 (C) - Augite - Ca(Mg0.85Al0.15)((Si1.70Al0.30)O6) - Monoclinic - C2/c (15)
01-071-0706 (C) - Pigeonite - (Mg.39Fe.52Ca.09)SiO3 - Monoclinic - P21/c (14)
Y + 3.0 mm - File: Zagami_03 [001].raw
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Figure O.7. Intensity versus 2θ diffraction pattern for Zagami target 3 and image of targeted spot. Diffraction pattern 
matches augite, pigeonite, and maghemite. 
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Figure O.8. General Area Detector Diffraction System image Zagami target 4.  
01-070-2064 (C) - Whitlockite - Ca18Mg2H2(PO4)14 - Rhombo.H.axes - R3c (161)
00-013-0421 (I) - Pigeonite - (Fe,Mg,Ca)SiO3 - Monoclinic - C2/c (15)
01-078-1392 (C) - Augite - Ca(Mg0.70Al0.30)((Si1.70Al0.30)O6) - Monoclinic - C2/c (15)
Y + 4.0 mm - File: Zagami_04 [001].raw
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Figure O.9. Intensity versus 2θ diffraction pattern for Zagami target 4 and image of targeted spot. Diffraction pattern 
matches augite, pigeonite, and whitlockite. 
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Miller Index 2θ (º) FWHMχ (°) 
(021) 31.4 4.62 
(-221) 34.5 4.09 
 
 
 
 
 
 
 
Table O.4. Summary of FWHMχ 
measurements for determining 
SRM for Zagami target 4. 
Figure O.10. General Area Detector Diffraction System image Zagami target 5.  
445 
 
 
01-070-2064 (C) - Whitlockite - Ca18Mg2H2(PO4)14 - Rhombo.H.axes - R3c (161)
00-013-0421 (I) - Pigeonite - (Fe,Mg,Ca)SiO3 - Monoclinic - C2/c (15)
01-076-0544 (C) - Augite - Ca0.61Mg0.76Fe0.49(SiO3)2 - Monoclinic - C2/c (15)
Y + 4.0 mm - File: Zagami_05 [001].raw
L
in
 (
C
o
u
n
ts
)
0
10
20
30
40
50
60
70
80
2-Theta - Scale
16 20 30 40 50 60 70 80 90
Figure O.11. Intensity versus 2θ diffraction pattern for Zagami target 5 and image of targeted spot. Diffraction pattern 
matches augite, pigeonite, and whitlockite. 
Figure O.12. General Area Detector Diffraction System image Zagami target 6.  
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01-084-1595 (C) - Maghemite, titanian - Fe.23(Fe1.95Ti.42)O4 - Cubic - P4332 (212)
01-075-1378 (C) - Titanomagnetite - Fe2.25Ti0.75O4 - Cubic - Fd-3m (227)
00-013-0421 (I) - Pigeonite - (Fe,Mg,Ca)SiO3 - Monoclinic - C2/c (15)
Y + 3.0 mm - File: Zagami_06 [001].raw
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Figure O.13. Intensity versus 2θ diffraction pattern for Zagami target 6 and image of targeted spot. Diffraction pattern 
matches pigeonite, titanomagnetite, and maghemite. 
Figure O.14. General Area Detector Diffraction System image Zagami target 7.  
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Miller Index 2θ (º) FWHMχ (°) 
(221) 41.6 4.30 
 
 
00-013-0421 (I) - Pigeonite - (Fe,Mg,Ca)SiO3 - Monoclinic - C2/c (15)
01-078-1391 (C) - Augite - Ca(Mg0.85Al0.15)((Si1.70Al0.30)O6) - Monoclinic - C2/c (15)
Y + 4.0 mm - File: Zagami_07 [001].raw
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Figure O.15. Intensity versus 2θ diffraction pattern for Zagami target 7 and image of targeted spot. Diffraction pattern 
matches augite and pigeonite. 
Table O.5. Summary of FWHMχ 
measurements for determining 
SRM for Zagami target 7. 
448 
 
 
Figure O.16. General Area Detector Diffraction System image Zagami target 8.  
00-013-0421 (I) - Pigeonite - (Fe,Mg,Ca)SiO3 - Monoclinic - C2/c (15)
01-070-2064 (C) - Whitlockite - Ca18Mg2H2(PO4)14 - Rhombo.H.axes - R3c (161)
01-076-0544 (C) - Augite - Ca0.61Mg0.76Fe0.49(SiO3)2 - Monoclinic - C2/c (15)
Y + 5.0 mm - File: Zagami_08 [001].raw
Y + 4.0 mm - File: Zagami_08 [001].raw
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Figure O.17. Intensity versus 2θ diffraction pattern for Zagami target 8 and image of targeted spot. Diffraction pattern 
matches augite, whitlockite, and pigeonite. 
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Figure O.18. General Area Detector Diffraction System image Zagami target 9.  
01-076-0544 (C) - Augite - Ca0.61Mg0.76Fe0.49(SiO3)2 - Monoclinic - C2/c (15)
01-071-0706 (C) - Pigeonite - (Mg.39Fe.52Ca.09)SiO3 - Monoclinic - P21/c (14)
Y + 4.0 mm - File: Zagami_09 [001].raw
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Figure O.19. Intensity versus 2θ diffraction pattern for Zagami target 9 and image of targeted spot. Diffraction pattern 
matches augite and pigeonite. 
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Figure O.20. General Area Detector Diffraction System image Zagami target 10.  
01-078-1391 (C) - Augite - Ca(Mg0.85Al0.15)((Si1.70Al0.30)O6) - Monoclinic - C2/c (15)
00-013-0421 (I) - Pigeonite - (Fe,Mg,Ca)SiO3 - Monoclinic - C2/c (15)
Y + 4.0 mm - File: Zagami_10 [001].raw
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Figure O.21. Intensity versus 2θ diffraction pattern for Zagami target 10 and image of targeted spot. Diffraction pattern 
matches augite and pigeonite. 
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Figure O.22. General Area Detector Diffraction System image Zagami target 11.  
01-075-1376 (C) - Titanomagnetite - Fe2.50Ti0.50O4 - Cubic - Fd-3m (227)
00-013-0421 (I) - Pigeonite - (Fe,Mg,Ca)SiO3 - Monoclinic - C2/c (15)
01-076-0544 (C) - Augite - Ca0.61Mg0.76Fe0.49(SiO3)2 - Monoclinic - C2/c (15)
Y + 4.0 mm - File: Zagami_11 [001].raw
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Figure O.23. Intensity versus 2θ diffraction pattern for Zagami target 11 and image of targeted spot. Diffraction pattern 
matches augite, pigeonite, and titanomagnetite. 
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Figure O.24. General Area Detector Diffraction System image Zagami target 12.  
01-070-2064 (C) - Whitlockite - Ca18Mg2H2(PO4)14 - Rhombo.H.axes - R3c (161)
01-076-0544 (C) - Augite - Ca0.61Mg0.76Fe0.49(SiO3)2 - Monoclinic - C2/c (15)
00-013-0421 (I) - Pigeonite - (Fe,Mg,Ca)SiO3 - Monoclinic - C2/c (15)
Y + 4.0 mm - File: Zagami_12 [001].raw
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Figure O.25. Intensity versus 2θ diffraction pattern for Zagami target 12 and image of targeted spot. Diffraction pattern 
matches augite, pigeonite, and whitlockite. 
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Figure O.26. General Area Detector Diffraction System image Zagami target 13.  
01-078-1391 (C) - Augite - Ca(Mg0.85Al0.15)((Si1.70Al0.30)O6) - Monoclinic - C2/c (15)
00-013-0421 (I) - Pigeonite - (Fe,Mg,Ca)SiO3 - Monoclinic - C2/c (15)
Y + 4.0 mm - File: Zagami_13 [001].raw
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Figure O.27. Intensity versus 2θ diffraction pattern for Zagami target 14 and image of targeted spot. Diffraction pattern 
matches augite and pigeonite. 
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Figure O.28. General Area Detector Diffraction System image Zagami  target 14.  
01-070-2064 (C) - Whitlockite - Ca18Mg2H2(PO4)14 - Rhombo.H.axes - R3c (161)
00-013-0421 (I) - Pigeonite - (Fe,Mg,Ca)SiO3 - Monoclinic - C2/c (15)
01-076-0544 (C) - Augite - Ca0.61Mg0.76Fe0.49(SiO3)2 - Monoclinic - C2/c (15)
Y + 4.0 mm - File: Zagami_14 [001].raw
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Figure O.29. Intensity versus 2θ diffraction pattern for Zagami target 14 and image of targeted spot. Diffraction pattern 
matches augite, pigeonite, and whitlockite. 
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Figure O.30. General Area Detector Diffraction System image Zagami  target 15.  
01-070-2064 (C) - Whitlockite - Ca18Mg2H2(PO4)14 - Rhombo.H.axes - R3c (161)
01-078-1391 (C) - Augite - Ca(Mg0.85Al0.15)((Si1.70Al0.30)O6) - Monoclinic - C2/c (15)
00-013-0421 (I) - Pigeonite - (Fe,Mg,Ca)SiO3 - Monoclinic - C2/c (15)
Y + 4.0 mm - File: Zagami_15 [001].raw
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Figure O.31. Intensity versus 2θ diffraction pattern for Zagami target 15 and image of targeted spot. Diffraction pattern 
matches augite, pigeonite, and whitlockite. 
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Figure O.32. General Area Detector Diffraction System image Zagami  target 16.  
01-078-1391 (C) - Augite - Ca(Mg0.85Al0.15)((Si1.70Al0.30)O6) - Monoclinic - C2/c (15)
Y + 4.0 mm - File: Zagami_16 [001].raw
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Figure O.33. Intensity versus 2θ diffraction pattern for Zagami target 16 and image of targeted spot. Diffraction pattern 
matches augite. 
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Miller Index 2θ (º) β(º) FWHMχ (°) 
(220) 32.1 0.450 7.59 
(530) 68.9 0.503 3.46 
(531) 78.2  6.99 
 
 
 
 
Table O.6. Summary of FWHMχ 
measurements for determining SRM and 
β measurements for creating the WH plot 
for Zagami target 16. 
y = 0.1331x + 0.4117
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Figure O.34. Williamson-Hall plot for Zagami target 16. Corresponds to a lattice 
strain value of 0.033%. There were not enough data points to calculate the standard 
error of regression. 
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Figure O.35. General Area Detector Diffraction System image Zagami target 17.  
01-078-1392 (C) - Augite - Ca(Mg0.70Al0.30)((Si1.70Al0.30)O6) - Monoclinic - C2/c (15)
00-013-0421 (I) - Pigeonite - (Fe,Mg,Ca)SiO3 - Monoclinic - C2/c (15)
Y + 4.0 mm - File: Zagami_17 [001].raw
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Figure O.36. Intensity versus 2θ diffraction pattern for Zagami target 17 and image of targeted spot. Diffraction pattern 
matches augite and pigeonite. 
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Figure O.37. General Area Detector Diffraction System image Zagami target 18.  
00-013-0421 (I) - Pigeonite - (Fe,Mg,Ca)SiO3 - Monoclinic - C2/c (15)
01-078-1391 (C) - Augite - Ca(Mg0.85Al0.15)((Si1.70Al0.30)O6) - Monoclinic - C2/c (15)
Y + 3.0 mm - File: Jenkins_Zagamipx_01 [001].raw
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Figure O.38. Intensity versus 2θ diffraction pattern for Zagami target 18 and image of targeted spot. Diffraction pattern 
matches augite and pigeonite. 
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Miller Index 2θ (º) FWHMχ (°) 
(221) 41.8 5.39 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Table O.7. Summary of FWHMχ 
measurements for determining 
SRM for Zagami target 18. 
Figure O.39. General Area Detector Diffraction System image Zagami target 19.  
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00-013-0421 (I) - Pigeonite - (Fe,Mg,Ca)SiO3 - Monoclinic - C2/c (15)
01-078-1391 (C) - Augite - Ca(Mg0.85Al0.15)((Si1.70Al0.30)O6) - Monoclinic - C2/c (15)
Y + 3.0 mm - File: Jenkins_Zagamipx_02 [001].raw
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Figure O.40. Intensity versus 2θ diffraction pattern for Zagami target 19 and image of targeted spot. Diffraction pattern 
matches augite and pigeonite. 
Figure O.41. General Area Detector Diffraction System image Zagami target 20.  
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01-070-0009 (C) - Whitlockite (Mn), syn - Ca9MnH(PO4)7 - Rhombo.H.axes - R3c (161)
01-078-1391 (C) - Augite - Ca(Mg0.85Al0.15)((Si1.70Al0.30)O6) - Monoclinic - C2/c (15)
Y + 3.0 mm - File: Jenkins_Zagamipx_03 [001].raw
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Figure O.42. Intensity versus 2θ diffraction pattern for Zagami target 20 and image of targeted spot. Diffraction pattern 
matches augite and whitlockite. 
Figure O.43. General Area Detector Diffraction System image Zagami target 21.  
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01-070-0009 (C) - Whitlockite (Mn), syn - Ca9MnH(PO4)7 - Rhombo.H.axes - R3c (161)
00-013-0421 (I) - Pigeonite - (Fe,Mg,Ca)SiO3 - Monoclinic - C2/c (15)
01-078-1391 (C) - Augite - Ca(Mg0.85Al0.15)((Si1.70Al0.30)O6) - Monoclinic - C2/c (15)
Y + 3.0 mm - File: Jenkins_Zagamipx_04 [001].raw
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Figure O.44. Intensity versus 2θ diffraction pattern for Zagami target 21 and image of targeted spot. Diffraction pattern 
matches augite, pigeonite, and whitlockite. 
Figure O.45. General Area Detector Diffraction System image Zagami target 22.  
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00-013-0421 (I) - Pigeonite - (Fe,Mg,Ca)SiO3 - Monoclinic - C2/c (15)
01-078-1391 (C) - Augite - Ca(Mg0.85Al0.15)((Si1.70Al0.30)O6) - Monoclinic - C2/c (15)
Y + 3.0 mm - File: Jenkins_Zagamipx_05 [001].raw
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Figure O.46. Intensity versus 2θ diffraction pattern for Zagami target 22 and image of targeted spot. Diffraction pattern 
matches augite and pigeonite. 
465 
 
Miller Index 2θ (º) β(º) FWHMχ (°) 
(221) 41.7 0.393 3.67 
(311) 45.9 0.512  
(-133) 72.9 0.885 6.08 
(-711) 81.0 0.756  
 
 
Table O.8. Summary of FWHMχ 
measurements for determining SRM and 
β measurements for creating the WH plot 
for Zagami target 22. 
y = 0.86x + 0.1211
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Figure O.47. Williamson-Hall plot for Zagami target 22. Corresponds to a lattice 
strain value of 0.215±0.305% 
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Figure O.48. General Area Detector Diffraction System image Zagami target 23.  
01-070-0009 (C) - Whitlockite (Mn), syn - Ca9MnH(PO4)7 - Rhombo.H.axes - R3c (161)
01-078-1391 (C) - Augite - Ca(Mg0.85Al0.15)((Si1.70Al0.30)O6) - Monoclinic - C2/c (15)
Y + 3.0 mm - File: Jenkins_Zagamipx_06 [001].raw
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Figure O.49. Intensity versus 2θ diffraction pattern for Zagami target 23 and image of targeted spot. Diffraction pattern 
matches augite and whitlockite. 
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Miller Index 2θ (º) β(º) FWHMχ (°) 
(021) 31.3 0.513 5.52 
(-711) 81.4 1.122 6.91 
(621) 84.9 0.862  
 
 
 
 
 
Table O.9. Summary of FWHMχ 
measurements for determining SRM and 
β measurements for creating the WH plot 
for Zagami target 23. 
y = 0.7553x + 0.3149
R² = 0.7556
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Figure O.50. Williamson-Hall plot for Zagami target 23. Corresponds to a lattice 
strain value of 0.189±0.430% 
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 Figure O.51. General Area Detector Diffraction System image Zagami target 24.  
00-013-0421 (I) - Pigeonite - (Fe,Mg,Ca)SiO3 - Monoclinic - C2/c (15)
01-078-1391 (C) - Augite - Ca(Mg0.85Al0.15)((Si1.70Al0.30)O6) - Monoclinic - C2/c (15)
Y + 3.0 mm - File: Jenkins_Zagamipx_07 [001].raw
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Figure O.52. Intensity versus 2θ diffraction pattern for Zagami target 24 and image of targeted spot. Diffraction pattern 
matches augite and pigeonite. 
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Figure O.53. General Area Detector Diffraction System image Zagami target 25.  
00-013-0421 (I) - Pigeonite - (Fe,Mg,Ca)SiO3 - Monoclinic - C2/c (15)
01-078-1391 (C) - Augite - Ca(Mg0.85Al0.15)((Si1.70Al0.30)O6) - Monoclinic - C2/c (15)
Y + 3.0 mm - File: Jenkins_Zagamipx_08 [001].raw
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Figure O.54. Intensity versus 2θ diffraction pattern for Zagami target 25 and image of targeted spot. Diffraction pattern 
matches augite and pigeonite. 
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Miller Index 2θ (º) FWHMχ (°) 
(310) 35.4 5.38 
 
 
 
 
 
 
 
 
Table O.10. Summary of FWHMχ 
measurements for determining 
SRM for Zagami target 25. 
Figure O.55. General Area Detector Diffraction System image Zagami target 26.  
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00-013-0421 (I) - Pigeonite - (Fe,Mg,Ca)SiO3 - Monoclinic - C2/c (15)
01-078-1391 (C) - Augite - Ca(Mg0.85Al0.15)((Si1.70Al0.30)O6) - Monoclinic - C2/c (15)
Y + 3.0 mm - File: Jenkins_Zagamipx_09 [001].raw
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Figure O.56. Intensity versus 2θ diffraction pattern for Zagami target 26 and image of targeted spot. Diffraction pattern 
matches augite and pigeonite. 
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Miller Index 2θ (º) β(º) FWHMχ (°) 
(111) 28.4 0.413  
(221) 41.8  4.68 
(-113) 63.3 0.613  
(422) 77.1 0.659  
Table O.11. Summary of FWHMχ 
measurements for determining SRM and 
β measurements for creating the WH plot 
for Zagami target 26. 
y = 0.4665x + 0.3026
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Figure O.57. Williamson-Hall plot for Zagami target 26. Corresponds to a lattice 
strain value of 0.117±0.073% 
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Figure O.58. General Area Detector Diffraction System image Zagami target 27.  
00-013-0421 (I) - Pigeonite - (Fe,Mg,Ca)SiO3 - Monoclinic - C2/c (15)
01-078-1391 (C) - Augite - Ca(Mg0.85Al0.15)((Si1.70Al0.30)O6) - Monoclinic - C2/c (15)
Y + 3.0 mm - File: Jenkins_Zagamipx_10 [001].raw
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Figure O.59. Intensity versus 2θ diffraction pattern for Zagami target 27 and image of targeted spot. Diffraction pattern 
matches augite and pigeonite. 
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Miller Index 2θ (º) FWHMχ (°) 
(221) 41.7 4.98 
 
 
 
 
Table O.12. Summary of FWHMχ 
measurements for determining 
SRM for Zagami target 27. 
Figure O.60. General Area Detector Diffraction System image Zagami target 28.  
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 Miller Index 2θ (º) FWHMχ (°) 
(331) 57.6 6.25 
(060) 73.9 4.72 
01-070-0009 (C) - Whitlockite (Mn), syn - Ca9MnH(PO4)7 - Rhombo.H.axes - R3c (161)
00-013-0421 (I) - Pigeonite - (Fe,Mg,Ca)SiO3 - Monoclinic - C2/c (15)
01-078-1391 (C) - Augite - Ca(Mg0.85Al0.15)((Si1.70Al0.30)O6) - Monoclinic - C2/c (15)
Y + 3.0 mm - File: Jenkins_Zagamipx2_01 [001].raw
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Figure O.61. Intensity versus 2θ diffraction pattern for Zagami target 28 and image of targeted spot. Diffraction pattern 
matches augite, pigeonite, and whitlockite 
Table O.13. Summary of FWHMχ 
measurements for determining 
SRM for Zagami target 28. 
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Figure O.62. General Area Detector Diffraction System image Zagami target 29.  
00-013-0421 (I) - Pigeonite - (Fe,Mg,Ca)SiO3 - Monoclinic - C2/c (15)
01-078-1391 (C) - Augite - Ca(Mg0.85Al0.15)((Si1.70Al0.30)O6) - Monoclinic - C2/c (15)
Y + 3.0 mm - File: Jenkins_Zagamipx2_02 [001].raw
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Figure O.63. Intensity versus 2θ diffraction pattern for Zagami target 29 and image of targeted spot. Diffraction pattern 
matches augite and pigeonite. 
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Miller Index 2θ (º) FWHMχ (°) 
(-241) 54.9 7.57 
(-133) 73.0 9.29 
Table O.14. Summary of FWHMχ 
measurements for determining 
SRM for Zagami target 29. 
Figure O.64. General Area Detector Diffraction System image Zagami target 30.  
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01-070-0009 (C) - Whitlockite (Mn), syn - Ca9MnH(PO4)7 - Rhombo.H.axes - R3c (161)
00-013-0421 (I) - Pigeonite - (Fe,Mg,Ca)SiO3 - Monoclinic - C2/c (15)
01-078-1391 (C) - Augite - Ca(Mg0.85Al0.15)((Si1.70Al0.30)O6) - Monoclinic - C2/c (15)
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Figure O.65. Intensity versus 2θ diffraction pattern for Zagami target 30 and image of targeted spot. Diffraction pattern 
matches augite, pigeonite, and whitlockite. 
Figure O.66. General Area Detector Diffraction System image Zagami target 31.  
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00-013-0421 (I) - Pigeonite - (Fe,Mg,Ca)SiO3 - Monoclinic - C2/c (15)
01-078-1391 (C) - Augite - Ca(Mg0.85Al0.15)((Si1.70Al0.30)O6) - Monoclinic - C2/c (15)
Y + 3.0 mm - File: Jenkins_Zagamipx2_04 [001].raw
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Figure O.67. Intensity versus 2θ diffraction pattern for Zagami target 31 and image of targeted spot. Diffraction pattern 
matches augite and pigeonite. 
Table O.15. Summary of FWHMχ 
measurements for determining 
SRM for Zagami target 31. 
Miller Index 2θ (º) FWHMχ (°) 
(310) 35.4 3.42 
(002) 41.3 6.57 
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Figure O.68. General Area Detector Diffraction System image Zagami target 32.  
01-070-0009 (C) - Whitlockite (Mn), syn - Ca9MnH(PO4)7 - Rhombo.H.axes - R3c (161)
00-013-0421 (I) - Pigeonite - (Fe,Mg,Ca)SiO3 - Monoclinic - C2/c (15)
01-078-1391 (C) - Augite - Ca(Mg0.85Al0.15)((Si1.70Al0.30)O6) - Monoclinic - C2/c (15)
Y + 3.0 mm - File: Jenkins_Zagamipx2_05 [001].raw
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Figure O.69. Intensity versus 2θ diffraction pattern for Zagami target 32 and image of targeted spot. Diffraction pattern 
matches augite, pigeonite, and whitlockite 
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Miller Index 2θ (º) β(º) FWHMχ (°) 
(221) 41.6 0.405 3.74 
(-153) 91.9 0.849 3.03 
Table O.16. Summary of FWHMχ 
measurements for determining SRM and 
β measurements for creating the WH plot 
for Zagami target 32. 
y = 0.6653x + 0.1523
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Figure O.70. Williamson-Hall plot for Zagami target 32. Corresponds to a lattice 
strain value of 0.166%. There are not enough data points to calculate the standard 
error of regression. 
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Figure O.71. General Area Detector Diffraction System image Zagami target 33.  
00-015-0615 (D) - Maghemite, syn - Fe2O3 - Tetragonal - 
00-013-0421 (I) - Pigeonite - (Fe,Mg,Ca)SiO3 - Monoclinic - C2/c (15)
01-078-1391 (C) - Augite - Ca(Mg0.85Al0.15)((Si1.70Al0.30)O6) - Monoclinic - C2/c (15)
Y + 3.0 mm - File: Jenkins_Zagamipx2_06 [001].raw
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Figure O.72. Intensity versus 2θ diffraction pattern for Zagami target 33 and image of targeted spot. Diffraction pattern 
matches augite, pigeonite, and maghemite. 
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Miller Index 2θ (º) FWHMχ (°) 
(042) 64.5 3.95 
(-333) 74.9 3.11 
(-352) 78.7 4.61 
Table O.17. Summary of FWHMχ 
measurements for determining 
SRM for Zagami target 33. 
Figure O.73. General Area Detector Diffraction System image Zagami target 34.  
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Miller Index 2θ (º) FWHMχ (°) 
(-311) 35.9 8.98 
01-070-0009 (C) - Whitlockite (Mn), syn - Ca9MnH(PO4)7 - Rhombo.H.axes - R3c (161)
01-078-1391 (C) - Augite - Ca(Mg0.85Al0.15)((Si1.70Al0.30)O6) - Monoclinic - C2/c (15)
Y + 3.0 mm - File: Jenkins_zagamipx3_01 [001].raw
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Figure O.74. Intensity versus 2θ diffraction pattern for Zagami target 34 and image of targeted spot. Diffraction pattern 
matches augite and whitlockite. 
Table O.18. Summary of FWHMχ 
measurements for determining 
SRM for Zagami target 34. 
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Figure O.75. General Area Detector Diffraction System image Zagami target 35.  
00-013-0421 (I) - Pigeonite - (Fe,Mg,Ca)SiO3 - Monoclinic - C2/c (15)
01-078-1391 (C) - Augite - Ca(Mg0.85Al0.15)((Si1.70Al0.30)O6) - Monoclinic - C2/c (15)
Y + 3.0 mm - File: Jenkins_zagamipx3_02 [001].raw
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Figure O.76. Intensity versus 2θ diffraction pattern for Zagami target 35 and image of targeted spot. Diffraction pattern 
matches augite and pigeonite. 
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Miller Index 2θ (º) FWHMχ (°) 
(-153) 92.0 4.87 
 
 
 
 
 
 
 
 
Table O.19. Summary of FWHMχ 
measurements for determining 
SRM for Zagami target 35. 
Figure O.77. General Area Detector Diffraction System image Zagami target 36.  
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01-070-0009 (C) - Whitlockite (Mn), syn - Ca9MnH(PO4)7 - Rhombo.H.axes - R3c (161)
00-013-0421 (I) - Pigeonite - (Fe,Mg,Ca)SiO3 - Monoclinic - C2/c (15)
01-078-1391 (C) - Augite - Ca(Mg0.85Al0.15)((Si1.70Al0.30)O6) - Monoclinic - C2/c (15)
Y + 3.0 mm - File: Jenkins_zagamipx3_03 [001].raw
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Figure O.78. Intensity versus 2θ diffraction pattern for Zagami target 36 and image of targeted spot. Diffraction pattern 
matches augite, pigeonite, and whitlockite. 
Figure O.79. General Area Detector Diffraction System image Zagami target 37.  
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01-070-0009 (C) - Whitlockite (Mn), syn - Ca9MnH(PO4)7 - Rhombo.H.axes - R3c (161)
00-013-0421 (I) - Pigeonite - (Fe,Mg,Ca)SiO3 - Monoclinic - C2/c (15)
Y + 3.0 mm - File: Jenkins_zagamipx3_04 [001].raw
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Figure O.80. Intensity versus 2θ diffraction pattern for Zagami target 37 and image of targeted spot. Diffraction pattern 
matches pigeonite and whitlockite. 
Figure O.81. General Area Detector Diffraction System image Zagami target 38.  
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Miller Index 2θ (º) β(º) FWHMχ (°) 
(-221) 34.7 0.593 3.97 
(600) 70.1  6.77 
(-533) 85.3 0.797  
00-013-0421 (I) - Pigeonite - (Fe,Mg,Ca)SiO3 - Monoclinic - C2/c (15)
01-078-1391 (C) - Augite - Ca(Mg0.85Al0.15)((Si1.70Al0.30)O6) - Monoclinic - C2/c (15)
Y + 3.0 mm - File: Jenkins_zagamipx3_05 [001].raw
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Figure O.82. Intensity versus 2θ diffraction pattern for Zagami target 38 and image of targeted spot. Diffraction pattern 
matches augite and pigeonite. 
Table O.20. Summary of FWHMχ 
measurements for determining SRM and 
β measurements for creating the WH plot 
for Zagami target 38. 
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Figure O.84. General Area Detector Diffraction System image Zagami target 39.  
Figure O.83. Williamson-Hall plot for Zagami target 38. Corresponds to a lattice 
strain value of 0.084%. There are not enough data points to calculate the standard 
error of regression. 
y = 0.3351x + 0.4883
R² = 1
0
0.1
0.2
0.3
0.4
0.5
0.6
0.7
0.8
0.9
0 0.2 0.4 0.6 0.8 1
β
tanθ
491 
 
Miller Index 2θ (º) FWHMχ (°) 
(311) 45.9 5.35 
 
 
 
00-013-0421 (I) - Pigeonite - (Fe,Mg,Ca)SiO3 - Monoclinic - C2/c (15)
01-078-1391 (C) - Augite - Ca(Mg0.85Al0.15)((Si1.70Al0.30)O6) - Monoclinic - C2/c (15)
Y + 3.0 mm - File: Jenkins_zagamipx3_06 [001].raw
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Figure O.85. Intensity versus 2θ diffraction pattern for Zagami target 39 and image of targeted spot. Diffraction pattern 
matches augite and pigeonite. 
Table O.21. Summary of FWHMχ 
measurements for determining 
SRM for Zagami target 39. 
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Figure O.86. General Area Detector Diffraction System image Zagami target 40.  
01-070-0009 (C) - Whitlockite (Mn), syn - Ca9MnH(PO4)7 - Rhombo.H.axes - R3c (161)
01-078-1391 (C) - Augite - Ca(Mg0.85Al0.15)((Si1.70Al0.30)O6) - Monoclinic - C2/c (15)
Y + 3.0 mm - File: Jenkins_zagamipx4_01 [001].raw
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Figure O.87. Intensity versus 2θ diffraction pattern for Zagami target 40 and image of targeted spot. Diffraction pattern 
matches augite and whitlockite. 
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Miller Index 2θ (º) FWHMχ (°) 
(111) 28.4 2.48 
(-311) 35.8 4.04 
(-331) 49.5 5.18 
 
 
 
 
 
 
Table O.22. Summary of FWHMχ 
measurements for determining 
SRM for Zagami target 40. 
Figure O.88. General Area Detector Diffraction System image Zagami target 41.  
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Miller Index 2θ (º) β(º) FWHMχ (°) 
(311) 46.0 0.483 1.48 
(331) 57.4 0.855 6.75 
(-513) 75.9 1.060 6.81 
00-013-0421 (I) - Pigeonite - (Fe,Mg,Ca)SiO3 - Monoclinic - C2/c (15)
01-078-1391 (C) - Augite - Ca(Mg0.85Al0.15)((Si1.70Al0.30)O6) - Monoclinic - C2/c (15)
Y + 3.0 mm - File: Jenkins_zagamipx4_02 [001].raw
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Figure O.89. Intensity versus 2θ diffraction pattern for Zagami target 41 and image of targeted spot. Diffraction pattern 
matches augite and pigeonite. 
Table O.23. Summary of FWHMχ 
measurements for determining SRM and 
β measurements for creating the WH plot 
for Zagami target 41. 
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Figure O.90. Williamson-Hall plot for Zagami target 41. Because of the negative 
intercept of the trend line, the lattice strain value from this Williamson-Hall plot was 
considered to be unreliable. 
Figure O.91. General Area Detector Diffraction System image Zagami target 42.  
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Table O.24. Summary of FWHMχ 
measurements for determining 
SRM for Zagami target 42. 
 
 
Miller Index 2θ (º) FWHMχ (°) 
(-114) 88.1 7.64 
 
 
 
00-015-0615 (D) - Maghemite, syn - Fe2O3 - Tetragonal - 
01-070-0009 (C) - Whitlockite (Mn), syn - Ca9MnH(PO4)7 - Rhombo.H.axes - R3c (161)
01-078-1391 (C) - Augite - Ca(Mg0.85Al0.15)((Si1.70Al0.30)O6) - Monoclinic - C2/c (15)
Y + 3.0 mm - File: Jenkins_zagamipx4_03 [001].raw
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Figure O.92. Intensity versus 2θ diffraction pattern for Zagami target 42 and image of targeted spot. Diffraction pattern 
matches augite, whitlockite, and maghemite. 
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Figure O.93. General Area Detector Diffraction System image Zagami target 43.  
01-070-0009 (C) - Whitlockite (Mn), syn - Ca9MnH(PO4)7 - Rhombo.H.axes - R3c (161)
00-013-0421 (I) - Pigeonite - (Fe,Mg,Ca)SiO3 - Monoclinic - C2/c (15)
01-078-1391 (C) - Augite - Ca(Mg0.85Al0.15)((Si1.70Al0.30)O6) - Monoclinic - C2/c (15)
Y + 3.0 mm - File: Jenkins_zagamipx4_04 [001].raw
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Figure O.94. Intensity versus 2θ diffraction pattern for Zagami target 43 and image of targeted spot. Diffraction pattern 
matches augite, pigeonite, and whitlockite. 
498 
 
 
Figure O.95. General Area Detector Diffraction System image Zagami target 44.  
00-013-0421 (I) - Pigeonite - (Fe,Mg,Ca)SiO3 - Monoclinic - C2/c (15)
01-078-1391 (C) - Augite - Ca(Mg0.85Al0.15)((Si1.70Al0.30)O6) - Monoclinic - C2/c (15)
Y + 3.0 mm - File: Jenkins_zagamipx4_05 [001].raw
L
in
 (
C
o
u
n
ts
)
0
10
20
30
40
50
60
70
80
90
100
110
120
130
140
150
160
170
180
190
200
210
220
230
240
250
260
270
280
2-Theta - Scale
11 20 30 40 50 60 70 80 90 100
Figure O.96. Intensity versus 2θ diffraction pattern for Zagami target 44 and image of targeted spot. Diffraction pattern 
matches augite and pigeonite. 
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Miller Index 2θ (º) β(º) FWHMχ (°) 
(002) 41.3 0.484 5.44 
(221) 41.7 0.655  
(-533) 85.3 0.953 8.32 
Table O.25. Summary of FWHMχ 
measurements for determining SRM and 
β measurements for creating the WH plot 
for Zagami target 44. 
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Figure O.97. Williamson-Hall plot for Zagami target 44. Corresponds to a lattice 
strain value of 0.177±0.289%. 
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Figure O.98. General Area Detector Diffraction System image Zagami target 45.  
00-013-0421 (I) - Pigeonite - (Fe,Mg,Ca)SiO3 - Monoclinic - C2/c (15)
01-078-1391 (C) - Augite - Ca(Mg0.85Al0.15)((Si1.70Al0.30)O6) - Monoclinic - C2/c (15)
Y + 3.0 mm - File: Jenkins_zagamipx4_06 [001].raw
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Figure O.99. Intensity versus 2θ diffraction pattern for Zagami target 45 and image of targeted spot. Diffraction pattern 
matches augite and pigeonite. 
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Miller Index 2θ (º) β(º) FWHMχ (°) 
(221) 41.8 0.510 4.75 
(400) 44.5  3.04 
(441) 75.7 0.608 4.99 
(442) 91.2 0.882 6.75 
(532) 94.0  6.53 
Table O.26. Summary of FWHMχ 
measurements for determining SRM and 
β measurements for creating the WH plot 
for Zagami target 45. 
y = 0.5434x + 0.2695
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Figure O.100. Williamson-Hall plot for Zagami target 45. Corresponds to a lattice 
strain value of 0.136±0.306%. 
502 
 
 
Figure O.101. General Area Detector Diffraction System image Zagami target 46.  
01-070-0009 (C) - Whitlockite (Mn), syn - Ca9MnH(PO4)7 - Rhombo.H.axes - R3c (161)
01-078-1391 (C) - Augite - Ca(Mg0.85Al0.15)((Si1.70Al0.30)O6) - Monoclinic - C2/c (15)
Y + 3.0 mm - File: Jenkins_zagamipx4_07 [001].raw
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Figure O.102. Intensity versus 2θ diffraction pattern for Zagami target 46 and image of targeted spot. Diffraction pattern 
matches augite and whitlockite. 
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Miller Index 2θ (º) FWHMχ (°) 
(112) 47.6 5.99 
 
 
 
 
 
 
 
 
Table O.27. Summary of FWHMχ 
measurements for determining 
SRM for Zagami target 46. 
Figure O.103. General Area Detector Diffraction System image Zagami target 47.  
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00-013-0421 (I) - Pigeonite - (Fe,Mg,Ca)SiO3 - Monoclinic - C2/c (15)
01-078-1391 (C) - Augite - Ca(Mg0.85Al0.15)((Si1.70Al0.30)O6) - Monoclinic - C2/c (15)
Operations: Background 0.174,0.000 | Range Op. Merge | Import [001]
Y + 3.0 mm - File: Jenkins_zagamipx4_08 [001].raw
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Figure O.104. Intensity versus 2θ diffraction pattern for Zagami target 47 and image of targeted spot. Diffraction pattern 
matches augite and pigeonite. 
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Miller Index 2θ (º) β(º) FWHMχ (°) 
(-221) 34.8 0.438 5.95 
(130) 36.6 0.449 5.47 
(311) 46.1 0.620 5.71 
(-513) 75.8 0.619 4.76 
Table O.28. Summary of FWHMχ 
measurements for determining SRM and 
β measurements for creating the WH plot 
for Zagami target 47. 
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Figure O.105. Williamson-Hall plot for Zagami target 47. Corresponds to a lattice 
strain value of 0.087±0.371%. 
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Figure O.106. General Area Detector Diffraction System image Zagami target 48.  
00-013-0421 (I) - Pigeonite - (Fe,Mg,Ca)SiO3 - Monoclinic - C2/c (15)
01-078-1391 (C) - Augite - Ca(Mg0.85Al0.15)((Si1.70Al0.30)O6) - Monoclinic - C2/c (15)
Y + 3.0 mm - File: Jenkins_zagamipx4_09 [001].raw
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Figure O.107. Intensity versus 2θ diffraction pattern for Zagami target 48 and image of targeted spot. Diffraction pattern 
matches augite and pigeonite. 
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Miller Index 2θ (º) FWHMχ (°) 
(221) 41.8 3.89 
 
 
 
 
 
 
 
 
Table O.29. Summary of FWHMχ 
measurements for determining 
SRM for Zagami target 48. 
Figure O.108. General Area Detector Diffraction System image Zagami target 49.  
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Miller Index 2θ (º) β(º) FWHMχ (°) 
(221) 41.8 0.479 5.87 
(-133) 73.0 0.609 1.55 
(261) 84.1  5.06 
00-013-0421 (I) - Pigeonite - (Fe,Mg,Ca)SiO3 - Monoclinic - C2/c (15)
01-078-1391 (C) - Augite - Ca(Mg0.85Al0.15)((Si1.70Al0.30)O6) - Monoclinic - C2/c (15)
Y + 3.0 mm - File: Jenkins_zagamipx4_10 [001].raw
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Figure O.109. Intensity versus 2θ diffraction pattern for Zagami target 49 and image of targeted spot. Diffraction pattern 
matches augite and pigeonite. 
Table O.30. Summary of FWHMχ 
measurements for determining SRM and 
β measurements for creating the WH plot 
for Zagami target 49. 
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Figure O.110. Williamson-Hall plot for Zagami target 49. Corresponds to a lattice 
strain value of 0.091%. There were not enough data points to calculate a standard 
error of regression. 
Figure O.111. General Area Detector Diffraction System image Zagami target 50.  
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01-070-0009 (C) - Whitlockite (Mn), syn - Ca9MnH(PO4)7 - Rhombo.H.axes - R3c (161)
01-078-1391 (C) - Augite - Ca(Mg0.85Al0.15)((Si1.70Al0.30)O6) - Monoclinic - C2/c (15)
Y + 3.0 mm - File: Jenkins_zagamipx4_11 [001].raw
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Figure O.112. Intensity versus 2θ diffraction pattern for Zagami target 50 and image of targeted spot. Diffraction pattern 
matches augite and whitlockite. 
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Appendix P: Data from ALHA 77005 
Target Name in Thesis .raw* File Name 
ALHA 77005 target 1 Jenkins_ALHA77005px_01.raw 
ALHA 77005 target 2 Jenkins_ALHA77005px_02.raw 
ALHA 77005 target 3 Jenkins_ALHA77005px_03.rwa 
ALHA 77005 target 4 Jenkins_ALHA77005px_04.raw 
ALHA 77005 target 5 Jenkins_ALHA77005px_05.raw 
ALHA 77005 target 6 Jenkins_ALHA77005px_06.raw 
ALHA 77005 target 7 Jenkins_ALHA77005px_07.raw 
ALHA 77005 target 8 Jenkins_ALHA77005px_08.raw 
ALHA 77005 target 9 Jenkins_ALHA77005px_09.raw 
ALHA 77005 target 10 Jenkins_ALHA77005px_10.raw 
ALHA 77005 target 11 Jenkins_ALHA77005px_11.raw 
ALHA 77005 target 12 Jenkins_ALHA77005px2_01.raw 
ALHA 77005 target 13 Jenkins_ALHA77005px2_02.raw 
ALHA 77005 target 14 Jenkins_ALHA77005px2_03.raw 
ALHA 77005 target 15 Jenkins_ALHA77005px2_04.raw 
ALHA 77005 target 16 Jenkins_ALHA77005px2_05.raw 
ALHA 77005 target 17 Jenkins_ALHA77005px3_01.raw 
Table P.1. Reference Table for .raw* files and the corresponding names they are referred to in the text for 
ALHA 77005. 
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Target Name in Thesis .raw* File Name 
ALHA 77005 target 18 Jenkins_ALHA77005px3_02.raw 
ALHA 77005 target 19 Jenkins_ALHA77005px3_03.raw 
ALHA 77005 target 20 Jenkins_ALHA77005px3_04.raw 
ALHA 77005 target 21 Jenkins_ALHA77005px3_05.raw 
ALHA 77005 target 22 Jenkins_ALHA77005px3_06.raw 
ALHA 77005 target 23 Jenkins_ALHA77005px4_01.raw 
ALHA 77005 target 24 Jenkins_ALHA77005px4_02..raw 
ALHA 77005 target 25 Jenkins_ALHA77005px4_03.raw 
ALHA 77005 target 26 Jenkins_ALHA77005px4_04.raw 
ALHA 77005 target 27 Jenkins_ALHA77005px4_05.raw 
ALHA 77005 target 28 Jenkins_ALHA77005px4_06.raw 
ALHA 77005 target 29 Jenkins_ALHA77005px4_07.raw 
ALHA 77005 target 30 Jenkins_ALHA77005px4_08.raw 
ALHA 77005 target 31 Jenkins_ALHA77005px4_09.raw 
ALHA 77005 target 32 Jenkins_ALHA77005px4_10.raw 
 
 
Table P.1. (continued) Reference Table for .raw* files and the corresponding names they are referred to in the 
text for ALHA 77005. 
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 Frame 1 Frame 2 
θ1 (°) 14.5 35.5 
θ2 (°) 22 40 
ω 10 18 
Collection time (minutes) 60 90 
 
Table P.2. Summary of µXRD data 
collection parameters for ALHA 77005. 
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Figure P.1. General Area Detector Diffraction System image ALHA 77005 target 1.  
Figure P.2. Intensity versus 2θ diffraction pattern for ALHA 77005 target 1 and image of targeted spot. Diffraction 
pattern matches forsterite and pigeonite. 
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Figure P.3. General Area Detector Diffraction System image ALHA 77005 target 2.  
01-087-0693 (C) - Pigeonite - (Mg1.05Ca.16Fe0.72Al.04Ti.03)(Si1.98Al.02)O6 - Monoclinic - P21/c (14)
Y + 3.0 mm - File: Jenkins_ALH77005px_02 [001].raw
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Figure P.4. Intensity versus 2θ diffraction pattern for ALHA 77005 target 2 and image of targeted spot. Diffraction 
pattern matches pigeonite. 
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 Figure P.5. General Area Detector Diffraction System image ALHA 77005 target 3.  
Figure P.6. Intensity versus 2θ diffraction pattern for ALHA 77005 target 3 and image of targeted spot. Diffraction 
pattern matches augite and forsterite. 
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Miller Index 2θ (º) β(º) FWHMχ (°) 
(-131) 41.0 0.636  
(041) 52.4 1.027 7.51 
(-242) 64.7 0.941  
(062) 89.7 1.478  
 
 
 
Table P.3. Summary of FWHMχ 
measurements for determining SRM and 
β measurements for creating the WH plot 
for ALHA 77005 target 3. 
y = 1.2145x + 0.2632
R² = 0.8827
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Figure P.7. Williamson-Hall plot for ALHA 77005 target 3. Corresponds to a lattice strain 
value of 0.304±0.313%. 
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Figure P.8. General Area Detector Diffraction System image ALHA 77005 target 4.  
01-082-1227 (C) - Augite, syn - (Ca0.774Na0.226)(Mg0.901Fe0.099)Fe0.011(Si2O6) - Monoclinic - C2/c 
Y + 3.0 mm - File: Jenkins_ALH77005px_04 [001].raw
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Figure P.9. Intensity versus 2θ diffraction pattern for ALHA 77005 target 4 and image of targeted spot. Diffraction 
pattern matches augite. 
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Miller Index 2θ (º) β(º) FWHMχ (°) 
(021) 31.3  6.23 
(220) 32.8 0.448 7.29 
(-131) 41.1 0.609 13.19 
(332) 74.4 0.959  
 
 
 
Table P.4. Summary of FWHMχ 
measurements for determining SRM and 
β measurements for creating the WH plot 
for ALHA 77005 target 4. 
y = 1.0402x + 0.1768
R² = 0.9776
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Figure P.10. Williamson-Hall plot for ALHA 77005 target 4. Corresponds to a lattice 
strain value of 0.260±0.158%. 
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Figure P.11. General Area Detector Diffraction System image ALHA 77005 target 
5.  
Figure P.12. Intensity versus 2θ diffraction pattern for ALHA 77005 target 5 and image of targeted spot. Diffraction 
pattern matches augite, forsterite, and pigeonite. 
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Figure P.13. General Area Detector Diffraction System image ALHA 77005 target 
6.  
01-087-0693 (C) - Pigeonite - (Mg1.05Ca.16Fe0.72Al.04Ti.03)(Si1.98Al.02)O6 - Monoclinic - P21/c (14)
Y + 3.0 mm - File: Jenkins_ALH77005px_06 [001].raw
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Figure P.14. Intensity versus 2θ diffraction pattern for ALHA 77005 target 6 and image of targeted spot. Diffraction 
pattern matches pigeonite. 
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Figure P.15. General Area Detector Diffraction System image ALHA 77005 target 
7.  
Figure P.16. Intensity versus 2θ diffraction pattern for ALHA 77005 target 7 and image of targeted spot. Diffraction 
pattern matches forsterite and pigeonite. 
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Figure P.17. General Area Detector Diffraction System image ALHA 77005 target 
8.  
Figure P.18. Intensity versus 2θ diffraction pattern for ALHA 77005 target 8 and image of targeted spot. Diffraction 
pattern matches forsterite and pigeonite. 
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Figure P.19. General Area Detector Diffraction System image ALHA 77005 target 
9.  
Figure P.20. Intensity versus 2θ diffraction pattern for ALHA 77005 target 9 and image of targeted spot. Diffraction 
pattern matches augite and forsterite. 
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Miller Index 2θ (º) β(º) FWHMχ (°) 
(130) 37.1 0.434 4.22 
(-131) 41.1 0.619 8.22 
(221) 42.7 0.481  
(041) 52.6 0.891 8.26 
(422) 78.5 0.685  
 
 
 
Table P.5. Summary of FWHMχ 
measurements for determining SRM and 
β measurements for creating the WH plot 
for ALHA 77005 target 9. 
y = 0.4238x + 0.4175
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Figure P.21. Williamson-Hall plot for ALHA 77005 target 9. Corresponds to a lattice 
strain value of 0.106±0.475%. 
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Figure P.22. General Area Detector Diffraction System image ALHA 77005 target 
10.  
01-082-1227 (C) - Augite, syn - (Ca0.774Na0.226)(Mg0.901Fe0.099)Fe0.011(Si2O6) - Monoclinic - C2/c 
Y + 3.0 mm - File: Jenkins_ALH77005px_10 [001].raw
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Figure P.23. Intensity versus 2θ diffraction pattern for ALHA 77005 target 10 and image of targeted spot. Diffraction 
pattern matches augite. 
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Miller Index 2θ (º) β(º) FWHMχ (°) 
(-131) 41.0 0.672 8.96 
(041) 52.5 0.981 8.46 
(062) 89.7 1.700  
 
 
 
 
 
Table P.6. Summary of FWHMχ 
measurements for determining SRM and 
β measurements for creating the WH plot 
for ALHA 77005 target 10. 
y = 1.5902x + 0.1308
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Figure P.24. Williamson-Hall plot for ALHA 77005 target 10. Corresponds to a lattice 
strain value of 0.398±0.184%. 
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Figure P.25. General Area Detector Diffraction System image ALHA 77005 target 
11.  
01-082-1227 (C) - Augite, syn - (Ca0.774Na0.226)(Mg0.901Fe0.099)Fe0.011(Si2O6) - Monoclinic - C2/c 
Y + 3.0 mm - File: Jenkins_ALH77005px_11 [001].raw
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Figure P.26. Intensity versus 2θ diffraction pattern for ALHA 77005 target 11 and image of targeted spot. Diffraction 
pattern matches augite. 
529 
 
Miller Index 2θ (º) β(º) FWHMχ (°) 
(-131) 41.0 0.593 7.02 
(221) 42.5 0.817 7.85 
(-241) 55.5  8.47 
(332) 74.4 1.033 7.66 
(422) 78.5 0.921  
(062) 89.7 1.394  
 
Table P.7. Summary of FWHMχ 
measurements for determining SRM and 
β measurements for creating the WH plot 
for ALHA 77005 target 11. 
y = 1.095x + 0.1987
R² = 0.8648
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Figure P.27. Williamson-Hall plot for ALHA 77005 target 11. Corresponds to a lattice 
strain value of 0.274±0.316%. 
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Figure P.28. General Area Detector Diffraction System image ALHA 77005 target 
12.  
Figure P.29. Intensity versus 2θ diffraction pattern for ALHA 77005 target 12 and image of targeted spot. Diffraction 
pattern matches forsterite and pigeonite. 
531 
 
 
Figure P.30. General Area Detector Diffraction System image ALHA 77005 target 
13.  
Figure P.31. Intensity versus 2θ diffraction pattern for ALHA 77005 target 13 and image of targeted spot. Diffraction 
pattern matches augite and forsterite. 
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Miller Index 2θ (º) FWHMχ (°) 
(310) 36.0 8.04 
(041) 52.4 13.39 
(202) 53.9 8.88 
 
 
 
 
 
 
Table P.8. Summary of FWHMχ 
measurements for determining 
SRM for ALHA 77005 target 13. 
Figure P.32. General Area Detector Diffraction System image ALHA 77005 target 
14.  
533 
 
 
01-087-0693 (C) - Pigeonite - (Mg1.05Ca.16Fe0.72Al.04Ti.03)(Si1.98Al.02)O6 - Monoclinic - P21/c (14)
Y + 3.0 mm - File: Jenkins_ALH77005px2_03 [001].raw
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Figure P.33. Intensity versus 2θ diffraction pattern for ALHA 77005 target 14 and image of targeted spot. Diffraction 
pattern matches pigeonite. 
Figure P.34. General Area Detector Diffraction System image ALHA 77005 target 
15.  
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01-082-1227 (C) - Augite, syn - (Ca0.774Na0.226)(Mg0.901Fe0.099)Fe0.011(Si2O6) - Monoclinic - C2/c 
Y + 3.0 mm - File: Jenkins_ALH77005px2_04 [001].raw
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Figure P.35. Intensity versus 2θ diffraction pattern for ALHA 77005 target 15 and image of targeted spot. Diffraction 
pattern matches augite. 
Figure P.36. General Area Detector Diffraction System image ALHA 77005 target 
16.  
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Figure P.37. Intensity versus 2θ diffraction pattern for ALHA 77005 target 16 and image of targeted spot. Diffraction 
pattern matches augite and forsterite. 
Figure P.38. General Area Detector Diffraction System image ALHA 77005 target 
17.  
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Figure P.39. Intensity versus 2θ diffraction pattern for ALHA 77005 target 17 and image of targeted spot. Diffraction 
pattern matches pigeonite, chromite, and whitlockite. 
Figure P.40. General Area Detector Diffraction System image ALHA 77005 target 
18.  
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Miller Index 2θ (º) β(º) FWHMχ (°) 
(021) 31.4  8.04 
(-221) 34.6 0.428 13.64 
(-242) 64.8 1.004 9.10 
Figure P.41. Intensity versus 2θ diffraction pattern for ALHA 77005 target 18 and image of targeted spot. Diffraction 
pattern matches augite and forsterite. 
Table P.9. Summary of FWHMχ 
measurements for determining SRM and 
β measurements for creating the WH plot 
for ALHA 77005 target 18. 
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Figure P.42. Williamson-Hall plot for ALHA 77005 target 18. Because of the negative 
intercept, its lattice strain value was considered unreliable. 
Figure P.43. General Area Detector Diffraction System image ALHA 77005 target 
19.  
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Miller Index 2θ (º) FWHMχ (°) 
(-221) 35.0 3.85 
(112) 48.2 6.85 
 
 
 
Figure P.44. Intensity versus 2θ diffraction pattern for ALHA 77005 target 19 and image of targeted spot. Diffraction 
pattern matches augite, forsterite, and pigeonite. 
Table P.10. Summary of FWHMχ 
measurements for determining 
SRM for ALHA 77005 target 19. 
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Figure P.45. General Area Detector Diffraction System image ALHA 77005 target 
20.  
01-082-1227 (C) - Augite, syn - (Ca0.774Na0.226)(Mg0.901Fe0.099)Fe0.011(Si2O6) - Monoclinic - C2/c 
Y + 3.0 mm - File: Jenkins_ALH77005px3_04 [001].raw
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Figure P.46. Intensity versus 2θ diffraction pattern for ALHA 77005 target 20 and image of targeted spot. Diffraction 
pattern matches augite. 
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Figure P.47. General Area Detector Diffraction System image ALHA 77005 target 
21.  
Figure P.48. Intensity versus 2θ diffraction pattern for ALHA 77005 target 21 and image of targeted spot. Diffraction 
pattern matches augite and forsterite. 
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Miller Index 2θ (º) β(º) FWHMχ (°) 
(021) 31.3 0.526 7.07 
(-242) 64.8 0.965 7.84 
Table P.11. Summary of FWHMχ 
measurements for determining SRM and 
β measurements for creating the WH plot 
for ALHA 77005 target 21. 
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Figure P.49. Williamson-Hall plot for ALHA 77005 target 21. Corresponds to a lattice 
strain value of  0.310%. There were not enough data points to calculate the standard 
error of regression. 
543 
 
 
Figure P.50. General Area Detector Diffraction System image ALHA 77005 target 
22.  
Figure P.51. Intensity versus 2θ diffraction pattern for ALHA 77005 target 22 and image of targeted spot. Diffraction 
pattern matches forsterite and pigeonite. 
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Figure P.52. General Area Detector Diffraction System image ALHA 77005 target 
23.  
Figure P.53. Intensity versus 2θ diffraction pattern for ALHA 77005 target 23 and image of targeted spot. Diffraction 
pattern matches forsterite and pigeonite. 
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Figure P.54. General Area Detector Diffraction System image ALHA 77005 target 
24.  
Figure P.55. Intensity versus 2θ diffraction pattern for ALHA 77005 target 24 and image of targeted spot. Diffraction 
pattern matches augite and forsterite. 
546 
 
Miller Index 2θ (º) FWHMχ (°) 
(021) 31.5 6.86 
 
 
 
 
 
 
 
 
Table P.12. Summary of FWHMχ 
measurements for determining 
SRM for ALHA 77005 target 24. 
Figure P.56. General Area Detector Diffraction System image ALHA 77005 target 
25.  
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Miller Index 2θ (º) FWHMχ (°) 
(021) 31.3 6.48 
(220) 32.8 8.11 
(-242) 64.8 7.52 
(-711) 82.0 7.18 
 
Figure P.57. Intensity versus 2θ diffraction pattern for ALHA 77005 target 25 and image of targeted spot. Diffraction 
pattern matches augite and forsterite. 
Table P.13. Summary of FWHMχ 
measurements for determining 
SRM for ALHA 77005 target 25. 
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Figure P.58. General Area Detector Diffraction System image ALHA 77005 target 
26.  
Figure P.59. Intensity versus 2θ diffraction pattern for ALHA 77005 target 26 and image of targeted spot. Diffraction 
pattern matches forsterite and pigeonite. 
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Figure P.60. General Area Detector Diffraction System image ALHA 77005 target 
27.  
Figure P.61. Intensity versus 2θ diffraction pattern for ALHA 77005 target 27 and image of targeted spot. Diffraction 
pattern matches augite and forsterite. 
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Miller Index 2θ (º) FWHMχ (°) 
(021) 31.4 6.41 
(220) 32.7 7.91 
(-711) 82.0 8.72 
 
 
 
 
 
 
Table P.14. Summary of FWHMχ 
measurements for determining 
SRM for ALHA 77005 target 27. 
Figure P.62. General Area Detector Diffraction System image ALHA 77005 target 
28.  
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Miller Index 2θ (º) β(º) FWHMχ (°) 
(-221) 34.8 0.760 5.39 
(-711) 81.9 1.268 9.88 
(062) 89.5 1.481 8.98 
Figure P.63. Intensity versus 2θ diffraction pattern for ALHA 77005 target 28 and image of targeted spot. Diffraction 
pattern matches augite and forsterite. 
Table P.15. Summary of FWHMχ 
measurements for determining SRM and 
β measurements for creating the WH plot 
for ALHA 77005 target 28. 
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Figure P.64. Williamson-Hall plot for ALHA 77005 target 28. Corresponds to a lattice 
strain value of 0.255±0.087%. 
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Figure P.65. General Area Detector Diffraction System image ALHA 77005 target 
29.  
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Miller Index 2θ (º) β(º) FWHMχ (°) 
(-221) 34.7 0.494 7.03 
(-313) 64.6 0.903 5.57 
Figure P.66. Intensity versus 2θ diffraction pattern for ALHA 77005 target 29 and image of targeted spot. Diffraction 
pattern matches augite and forsterite. 
Table P.16. Summary of FWHMχ 
measurements for determining SRM and 
β measurements for creating the WH plot 
for ALHA 77005 target 29. 
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Figure P.67. Williamson-Hall plot for ALHA 77005 target 29. Corresponds to a lattice 
strain value of 0.320%. There were not enough data points to calculate a standard error 
of regression. 
Figure P.68. General Area Detector Diffraction System image ALHA 77005 target 
30.  
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Figure P.69. Intensity versus 2θ diffraction pattern for ALHA 77005 target 30 and image of targeted spot. Diffraction 
pattern matches forsterite and pigeonite. 
Figure P.70. General Area Detector Diffraction System image ALHA 77005 target 
31.  
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Miller Index 2θ (º) β(º) FWHMχ (°) 
(021) 31.4  6.43 
(220) 32.8  7.70 
(221) 42.6 0.452 5.92 
(-711) 82.0 1.086 7.95 
Figure P.71. Intensity versus 2θ diffraction pattern for ALHA 77005 target 31 and image of targeted spot. Diffraction 
pattern matches augite and forsterite. 
Table P.17. Summary of FWHMχ 
measurements for determining SRM and 
β measurements for creating the WH plot 
for ALHA 77005 target 31. 
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Figure P.72. Williamson-Hall plot for ALHA 77005 target 31. Because of the negative 
intercept the lattice strain value for this Williamson-Hall plot is considered to be 
unreliable. 
Figure P.73. General Area Detector Diffraction System image ALHA 77005 target 
32.  
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Figure P.74. Intensity versus 2θ diffraction pattern for ALHA 77005 target 32 and image of targeted spot. Diffraction 
pattern matches forsterite and pigeonite. 
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